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Desorption studies of metal atoms using laser-induced surface-plasmon excitation
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Au, Al, and Ag atoms have been desorbed from thin films on glass by laser-excited surface plasmons in
an attenuated-total-reflection geometry. Desorption yields are measured as a function of angle of in-
cidence near the optimum coupling angle and the kinetic energies of desorbed neutral atoms are deter-
mined. A linear dependence of desorption yield on photon intensities and the presence of high-kinetic-
energy atoms suggest that the major desorption mechanism is a nonthermal electronic process. Possible
desorption processes are discussed.

I. INTRODUCTION

Photodesorption induced by laser light has been used
to produce well-defined microstructure' (via mi-
cromachining), to study high-T, superconductors ' (via
surface analysis), and to probe molecular dynamics in
heterogeneous systems. ' Studies of these processes have
therefore been actively pursued in the past and are con-
tinuing with increasing sophistication. ' Photodesorp-
tion of particles from a solid surface can be achieved by
rapid surface heating, by coupling to phonon modes, and
by coupling to an electronic excitation process. Since the
basic mechanisms of electronic-excited desorption are not
well understood, there has been much interest in studying
this e6'ect.

A promising new method of photodesorption based on
the excitation of surface plasmons on a metal surface has
been investigated recently. ' The method makes use of
the fact that the excitation of surface plasmons can great-
ly amplify the electric-field strength in the surface region.
Hoheisel et al. have observed laser-induced desorption
stimulated by surface-plasmon excitation in small metal
particles. '" We have observed laser-induced surface-
plasmon desorption of Al atoms and rhodamine B mole-
cules from Al films in an attenuated-total-reflection
(ATR) configuration. ' ' In the ATR geometry, photons
can excite surface plasmons over a wide range of photon
energies below the surface-plasmon energy. This ability
to tune the wavelength will be useful in studies of elec-
tronic desorption processes.

In this study, we have measured desorption yield from
Au, Al, and Ag films in an ATR geometry. We report
measurements of the dependence of the desorption rate
on laser fluence, on the angle of incidence of the light
which determines the degree of coupling of the laser light
to the plasmon mode, and relate these results to energy
absorption in the film. In addition, we report measure-
rnents of the kinetic-energy distribution of the desorbed
atoms. Finally, the mechanism responsible for the
desorption will be discussed.

II. EXPERIMENTAL APPARATUS
AND PROCEDURES

The experimental apparatus for desorption is shown in
Fig. 1. The beam from the second harmonic of a Nd:

YAG (yttrium aluminum garnet) laser with wavelength
532 nm and pulse length 7 ns (solid line in Fig. 1) is
passed through a set of attenuation slides, a lens, mirrors,
and a prism onto the sample. The prism is illuminated by
p-polarized light which is required to excite surface
plasmons. The laser fluence of the second-harmonic
beam without attentuation is 140 J/cm, which is more
than enough to desorb atoms from solid surfaces by the
generation of shock waves. For our experiment the laser
beam must be attenuated by several orders of magnitude
to the order of 10 ' J/cm . The second-harmonic beam
is focused by a lens with focal length 50 cm, which pro-
duces a spot size at the focal point of 1.2X10 cm .
The angle of incidence can be varied by the rotatable rnir-
ror. This rotation brings the laser beam to a difFerent and
undisturbed area on the prism surface for each incident
angle. The metal-coated prism is placed in the corner of
the acceleration plates of the time-of-flight mass spec-
trometer (TOF-MS). There are three acceleration plates,
two of them not shown in Fig. 1. Desorbed neutral
atoms are ionized over the entrance aperture (shown in
Fig. 1) of the TOF-MS by the Xecl excimer laser with a
wavelength of 308 nm and a pulse length of 7 ns. The
laser fluence is 8.9 J/cm (or l. 3 X 10 W/cm ). The non-
resonant multiphoton ionization process can be saturated
by providing powers greater than 10 W/cm with these
10 s pulses. ' ' The flight path of the ions in the
TOF-MS is perpendicular to the plane of the figure.
After passing through two apertures of the acceleration
plates and an aperture above the detector, the ions are
detected by an electron multiplier (EM) (signal from EM
tube in Fig. 1) in the TOF-MS. The apertures are
covered with 85% transparent nickel mesh to maintain a
uniform field strength. These desorption experiments are
performed in a cryopumped vacuum system with a base
pressure of 10 Torr.

The major parts of the electronics used in this experi-
ment are also shown in Fig. 1. The triggering device of
the Nd:YAG laser is connected to a delay generator
which, after a chosen time delay, will trigger the excirner
laser. Varying the delay time between the two lasers al-
lows us to measure the velocity distributions of the
desorbed species. The timing sequence for this measure-
ment needs some description. After the desorbing laser
has been fired at the target, bursts of neutral atoms ernit-
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FIG. 1. Experimental apparatus for surface-plasmon-induced
desorption measurements.
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ted by the target pass through the ionization region just
above the extraction aperture located in the center of the
acceleration plates of the TOF-MS. The desorbed parti-
cles have different translational velocities, so that the fast
ones reach the ionization region earlier than the slow
ones. Pulses from the ionizing laser arrive after a vari-
able delay (0—200 ps) and are focused through the ioniza-
tion region. Thus at various delay times, particles with
various velocities are ionized. The Nd:YAG laser is set
at a repetition rate of 10 Hz. Part of the light from the
excirner laser is monitored by a photodiode which
triggers the transient digitizer. This digitizer allows the
user to record only the signals of interest into memory
and to block out the nonimportant dead time between
events. Thus the system has deep memories which per-
mit uninterrupted recording of high-frequency signals
without reducing the sample rate. The transient digitizer
is controlled by an (80286) PC with mathematics copro-
cessor. The desorption yield in this experiment is the in-
tegrated yield produced by 100 laser pulses at the same
angle and excitation spot, calculated on line by the Pc
during the experiment.

The prisms used in these experiments are right-angle
glass (BK-7) prisms. Before the thin-film depositing, the
prism is washed with microwash and deionized water,
then washed with acetone and methyl alcohol in an ul-
trasonic cleaner. The metal thin films are deposited on
the prism in a vacuum evaporator with a base pressure of
10 Torr. The thickness of the Al film in this experi-
ment is 27 nm, the Au film is 38 nm, and the Ag film is 38
nm.

III. EXPERIMENTAL MEASUREMENTS AND RESULTS

We have observed that the three metals Au, Al, and
Ag can all be efficiently desorbed from the prism at an-
gles near the plasrnon resonance angle. Since we detect
very few ions in this process, the atoms desorbed from
the surface are mostly neutral.

The desorption yield of Au atoms from the Au film at
various angles of incidence near the plasrnon excitation
angle is given in Fig. 2. We calculate the optical absorp-
tion (dashed line) as we did in a previous paper. ' Good

FIG. 2. Comparison of desorption yield with total optical ab-
sorption and energy density at the metal-vacuum interface for
the Au film. All curves normalized to one at 47'.
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FIG. 3. Kinetic-energy distribution of Au atoms desorbed
from Au film.

agreement is seen between the desorption yield and ener-
gy absorbed by the Au film except near 42' where the
yield goes to zero, a discrepancy that is discussed further
in the next section of the paper. The good agreement in-
dicates that the desorption yield of Au atoms depends
linearly on the energy absorbed by the Au film. There is
a fluence threshold at about 80 mJ/cm, below which the
signal cannot be distinguished from the noise. The
kinetic-energy distribution of the desorbed Au atoms is
obtained by measuring ion yield as a function of delay
time between the two lasers. Since the distance from the
Au surface to the ionization region was known, we could
transform the delay-time distribution to a velocity distri-
bution and kinetic-energy distribution by a simple calcu-
lation. ' The kinetic-energy (KE) distribution for Au
atoms desorbed from the Au film is given in Fig. 3.
There are two peaks, one at 0.082 eV and another one at
0.33 eV. The slow peak corresponds to a temperature of
about 900 K, and is a thermal peak. The delay-time dis-
tribution of the slow peak for two laser Quences is shown
in Fig. 4. At 300 mJ/cm, the peak is at 57 iMs, which
corresponds to a KE equal to 0.094 eV. At 500 mJ/cm,
the peak is at 46 ps, which corresponds to a KE equal to
0.14 eV. The kinetic temperature variation of the
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FIG. 4. The delay-time distribution of the slow peak for two
laser Quences.

thermal peak with laser fluence is shown in Fig. 5. The
kinetic temperature T is defined in terms of the kinetic
energy of the neutral atoms by Maxwell speed distribu-
tion function

f(u)du =
3/2 —mv 2

exp 4m.v dv .
2kT

Io+ b I
X exp

m I
2kT t

2 I dI
t3

where k is Boltzmann's constant and m is the mass of the
appropriate metal particle. A least-squares method is
used to match the experimental data for various corn-
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FIG. 5. Temperature variation of thermal peak with laser
fluence.

Consider the expansion of compressed, vaporized materi-
al into a vacuum, ' where the hydrodynamic expansion
velocity u is superimposed upon the thermal velocity.
The detector measures the relative number of atoms at a
period of drift time corresponding to the number of
atoms contained within a range (Io+ bI ). We can deter-
mine the kinetic temperature by measuring the relative
number density of neutral atoms within a specified region
as a function of time. Substituting u=I/t and integrat-
ing over the range, we obtain

3/2
4 m

v'~ 2kT

binations of T, u, and the data normalization constant.
The kinetic temperature in Fig. 5 is then obtained by
choosing the least value for the sum of squared errors.
The estimated error in the kinetic temperature is 10%
and is mainly due to uncertainty in the time-of-flight
measurement. The slow peak moves to higher energy (or
higher temperature, as shown in Fig. 5) as the laser
fluence increases. The position of the high-energy peak
at 0.33 eV does not vary with the laser influence.

There are two peaks in the kinetic-energy distribution
for Al near the laser fluence threshold, one at 0.081 eV
and another at 0.50 eV. For Ag, the position of the slow
peak is at 0.081 eV and the position of the fast peak is at
0.90 eV. Since the translational kinetic energy of the
0.90-eV peak is very close to the detection limit ( =1.0
eV) of our mass spectrometer, we turned on the defiection
plates and repeated our experiment to be sure that we
were not measuring the low-energy tail of a higher-energy
peak. We applied a voltage of 3 eV to the deflection
plates that would enable us to detect ions with KE up to
4 eV. We did not detect any particle with KE higher
than 1 eV, but were still able to detect the 0.9-eV peak
with slightly reduced intensity. The 0.081-eV peak can-
not be detected when the deflection plates are on.

We repeated the desorption experiment with the same
experimental conditions but with s-polarized laser light.
We did not observe any desorption signal within the
range of laser fiuence from 100 mJ/cm to 500 mJ/cm .

The results cited above are given in arbitrary units and
thus provide information about relative desorption rates
only. We have obtained a rough estimate of the absolute
number of desorbed atoms per incident photon at the ab-
sorption maximum at the plasmon resonance angle. For
the 27-nm Al film, desorption was continued until all Al
was removed from the O. l-mm area of the incident
beam. We find a desorption yield of (0.2—1)X 10
ions/photon where the lower estimate is calculated from
the average loss per pulse and the upper estimate is an ex-
trapolated value from the desorption yield for the first
few pulses. This value is comparable to the value of
7. 1X10 cited by Hoheisel et al. in their studies of
plasmon-coupled desorption on rough surfaces.

The desorption results for Au, Al, . and Ag are very
similar. The major features may be summarized as fol-
lows:

(1) For each metal, the desorption yield follows closely
the absorption curve. This implies a linear dependence of
desorption on the number of photons absorbed. This
linear dependence of yield on photon flux was also ob-
served for Al by measuring the peak yield as a function of
laser intensity.

(2) For each metal, the kinetic-energy distribution of
desorbed atoms show two peaks, one near 0.08 eV ( =900
K) that is nearly the same for each material, and a second
high-energy peak of variable energy. The low-energy
thermal peaks for all three metals move to higher energy
as the laser intensity increase.

(3) The high-energy peaks in the kinetic-energy distri-
bution for Au, Al, and Ag are observed at 0.33, 0.50, and
0.90 eV, respectively. These kinetic energies are four to
eleven times higher than the energies of the respective
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thermal peaks (Au: 4; Al: 6; and Ag: 11). The kinetic
energy of the high-energy peak is independent of the laser
intensity.

. (4) We also observed peaks in the mass spectra from Si
and Si02 in the prism. Both species have low-energy
peaks near 0.08 eV, but do not have the high-energy
peak. The observation of Si and Si02 in the mass spectra
led us to examine the question of whether energy ab-
sorbed at the prism-film or film-vacuum interfaces was re-
sponsible for the desorption in this experiment. This
question will be discussed in the following section.

(5) Desorption is observed only above a threshold of
80 rnJ/cm for the Nd:YAG laser fiuence. The laser
fluence at threshold was estimated by considering several
factors including laser-beam divergence, focus of the lens,
and reflectance of each of the surfaces.

IV. DISCUSSION AND CONCLUSIONS

We have observed both a low-energy thermal peak and
a high-energy peak in the kinetic-energy distribution of
laser-desorbed Au, Al, and Ag atoms. The various
desorption mechanisms which could be responsible for
the high-energy peak, namely thermal, shock waves, vi-
brational excitation, and electronic excitation, will be dis-
cussed in this section.

Thermal desorption varies exponentially with tempera-
ture, and the temperature varies linearly with the laser
energy deposited in the material. Thus, thermal desorp-
tion yield is not linearly dependent upon the energy depo-
sition in the material. However, we found the high-
energy desorption yield to vary linearly with the energy
deposited in the sample. Also in thermal desorption, the
kinetic energy of the desorbed neutral should increase as
the energy deposition on the sample increases. In our ex-
periment, the kinetic energy of the high-energy peak did
not change as the energy deposition was varied. These
results indicate that the desorption mechanism for the
high-energy peak is nonthermal.

In order to produce shock waves, the laser irradiance
usually has to be above the order of 10 W/cm .' ' The
laser irradiance we used here is on the order of 10
W/cm . Due to the interaction of the surface with the
blow off material, the different desorbed neutrals pro-
duced by shock waves should have the same momentum,
which depends upon the laser intensity. Neuman' rnea-
sured the momentum for Cu, Al, steel, brass, and Ta irra-
diated with a 0.3-J, 50-ns laser pulse, and found that the
value of the momentum varied very little for different ma-
terials. In our experiment, metal and substrate atoms do
not have the same momentum (Au: 1.86X10 '; Al:
0.84X10 '; and Ag: 2.27X10 ' dynsec). We con-
clude that the high-energy neutrals are not induced by
shock waves.

The energies involved in vibrationally excited desorp-
tion are usually associated with the infrared spectral re-
gion and the kinetic energies of the desorbed neutrals are
usually much lower than that observed in thermal
desorption. In this experiment, a visible laser (532 nm)
was used for the desorption and the kinetic energy of the
high-energy peak was much higher than in thermal

desorption. We can therefore rule out vibrationally excit-
ed desorption as the mechanism for the high-energy peak.

In electronic-excited desorption, the desorption yield is
expected to increase linearly with fluence until the
thermal effect takes over. In addition, the kinetic-energy
distribution of the desorbed species should remain the
same for different laser fluence. These are the charac-
teristics observed in our data which indicate that the
desorption mechanism in our experiment is electronic-
excited desorption. It is possible that the final state of the
atoms involved in the electronic transition is vibrational-
ly excited as in the well-known Franck-Condon excita-
tion.

Since Si and SiOz were also detected in the desorption
products, we examined the possibility that desorption
was associated with energy absorption at the substrate-
film interface rather than within the film. We calculated
the electromagnetic energy density distribution inside a
thin film. We can evaluate the electromagnetic energy
density in a thin film by the following method. We first
consider the reflection and transmission of electromag-
netic radiation at a thin dielectric layer between two
semi-infinite media. All the media are homogeneous and
isotropic. If we assume a plane wave is incident from
medium 0 (glass) through medium 1 (metal) to medium 2
(air), the whole structure can be described by the indices
of refraction

np, x&0
n(x)= n„0&x &d

n2, x)d
If the plane of incidence is the xz plane, the electric-field
vector of a plane-wave solution of the wave equation can
be of the form

E(x)exp[i(cot —Pz )],
since the medium is homogeneous in the z direction. The
parameter P is the z component of the propagation wave
vector. The electric-field vector can be written as

—ik0„x iko„x
Ae " +Be ", x&0

E(x)= 'Ce '" +De '", 0&x &d
—ik2x (x —d)

Fe ', x&d,

where we assume that the electric-field vector is p polar-
ized (i.e., parallel to the plane of incidence). The complex
amplitudes A, B, C, D, and F are constants, and kp k,
and kz„are the x components of the wave vectors

CO

k,. = —n;cosO;, i =0, 1,2,
C

where 0; is the ray angle measured from the x axis. The
constant A is the amplitude of the incident wave. The
constants B and F are amplitudes of the reflected and
transmitted waves, respectively. For a p wave, the elec-
tric field E(x) is zE(x), and the y component of the mag-
netic field is obtained by using H = —(i/cop)(BE/Bx).
Thus,
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~Substrate~ = Film Vacuum

COP

(Ce '" D—e '" ), 0&x &d
COP

k 2x —ik2x (~ —d)

where p is the magnetic permeability constant. Imposing
the continuity of E, and H at the interfaces of x =0 and
x =d, we can obtain four equations. These four equa-
tions can be used to solve for B, C, D, and F in terms of
A (the amplitude of incident wave). After a few steps of
algebraic manipulation and substituting the Fresnel
refiection coeKcient r, 2 and phase change P into the
equation, we can obtain the relation between C and D as
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FIG. 6. Energy densities of the electromagnetic field from
laser light at three incident angles. The plasmon resonance an-
gle is 46'

D=r 2e 2'l C .12

By knowing the field amplitudes, the electric-field distri-
bution in the thin films can be written as

E(x)=C(e '" +r,2e '~e "
), 0&x &d .

The density of the relative electromagnetic energy as a
function of the distance from the medium 0 (glass) can
then be evaluated by using the equation

U(x) =
—,
' E i E(x) i

In Fig. 6, the energy densities inside and outside the Au
film are plotted for angles near the angle of surface-
plasmon excitation. At the resonant angle there is an
electromagnetic field enhancement on the film-vacuum
interface; the energy density there is much larger than
the energy density at the prism-film interface. This indi-
cates that the electronic energy deposition leading to
desorption is most likely to take place at the film-vacuum
interface. The lack of a high-energy peak for Si and Si02
also indicates that the electronic excitation takes place at
the film-vacuum interface.

In Fig. 2, we compare the experimental desorption
yield of Au with the total energy absorption in the film
(dashed line) which is proportional to the area under the
energy density curves within the film, and with the ener-
gy density at the film-vacuum interface (solid line), and
find that the yield agrees better with the energy density.
This is particularly true at angles just below the plasmon
angle where both the yield and energy density go to near
zero. In this region most of the absorption occurs at the
substrate-film interface and does not e6'ectively contrib-
ute to the desorption yield. These results show that
indeed electronic-excited desorption occurs at the film-
vacuum interface. The cohesive energies of Au, Al, and
Ag are 3.38, 3.34, and 2.96 eV. The kinetic energies we
measured for Au, Al, and Ag are 0.33, 0.5, and 0.9 eV
which are inversely proportional to the cohesive energies.
For a fixed plasmon energy input, higher cohesive energy
corresponds to the lower kinetic energy. The plasmon
energies and kinetic energies do not add up to the

cohesive energies. This is possible due to the desorption
of particles from a loosely bounded site or a defect site.

Monreal and Apell presented a theoretical descrip-
tion of the surface-plasmon-induced desorption in a small
metal particle. They describe a process in which
surface-plasmon excitation leads to a large field enhance-
ment at the small-particle surface which induces
electron-hole pairs, and these bonding-antibonding pairs
then lead to desorption. For our desorption mechanism,
a similar theory proposed by Wu ' provides a possible
mechanism. The basic assumption used by Wu is that the
electronic excitation can be trapped in surface defect sites
in a metal surface. Steinruck, Rendulic, and Winkler
have shown that in a real Ni surface, adsorption and
desorption are completely controlled by surface defects.
Rendulic observed a shift of the hydrogen desorption
peak towards lower temperatures by about 50 K from a
moderately defective (surface defect concentration & 5%)
Ni surface. The inhuence of foreign atoms is similar to
defects which reduce the sticking coefticient of adsorbed
species. In our experiment, surface plasmons may pro-
duce electron-hole pairs near surface defects, which
would lead to a decrease in the lattice force constant.
Particles at these less tightly bound regions might then
produce ions through Auger decay. The crossing of the
ion-antibonding curve and atom-antibonding curve could
then lead to ion neutralization and subsequent desorption
of neutrals. This model can be tested by further experi-
ment using epitaxial growth of a metal film with con-
trolled surface defects (steps, point defects, and impuri-
ties of foreign atoms) on a single crystal in order to exam-
ine defect-related desorption more closely.

We have shown that the desorption in our experiment
is neither laser-induced thermal desorption nor
vibration-excited desorption. Our experimental results
indicate that the desorption is electronic-excited desorp-
tion. We have also shown that the desorption was associ-
ated with energy absorption at the film-vacuum interface
rather than the substrate-film interface. The desorption
yield agrees better with the energy density at the film-
vacuum interface than the total absorption in the film. It
is therefore concluded that the plasrnon excitation is not
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damped by coupling to the phonon modes, but that a
different deexcitation channel exists. Since evidence ex-
ists for electronic-excited desorption, the deexcitation
channel appears to induce bond rupture of the metal
overlayer.
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