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Abstract

Absolute total desorption yields from the surface of solid krypton were measured by photo excitation at excitonic
excitation energies and by electron excitation in the energy range between 70 and 320 eV. The absolute desorption yields
and their dependence on the film thickness and on the excitation energy were quantitatively reproduced by a simulation
based on the desorption model of excimer dissociation followed by internal sputtering.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photon or electron irradiation of a surface of
rare gas solids produces electronic excitations
which can be followed by the desorption of various
kinds of particles. Measurements of the initial ex-
citation energy dependence of the desorption
yields, by photo desorption experiments [1,2] typ-
ically, have provided important information on
the initial stages of the desorption mechanism. In-
vestigations of excited states, kinetic energy dis-
tributions, and angular distributions of desorbed
species [3,4], have revealed the dynamics of the
electronic excitation and relaxation in rare gas

" Corresponding author. Tel.: +81-3-3986-0221; fax: +81-3-
3987-6732.
E-mail address: ich.arakawa@gakushuin.ac.jp (I. Arakawa).

solids. The next step of the investigation is the
determination of the absolute desorption yield
[4,5], which will make clear the quantitative as-
pects of the process, for example, the branching
ratios of relaxation channels.

We have reported the absolute yields of the
metastable species [4] and the total desorption [5]
from the surface of solid neon at the excitonic
excitation by photo irradiation. The total desorp-
tion yield of about 0.1 Ne/photon at the excitation
of the surface exciton was quantitatively explained
by the cavity ejection (CE) mechanism in which
the desorption probability of the surface exciton
was almost unity. The higher yield caused by the
bulk exciton excitation was also quantitatively
explained by CE from the second or third under-
lying layer accompanied by internal sputtering [5].
In the case of Kr, the majority of desorbed species
is thought to be ground state neutrals originated

0039-6028/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0039-6028(02)02611-0
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by the dissociation of an excited dimer (excimer) in
the solid. The kinetic energy of about 0.8 eV that is
released by the excimer dissociation (ED) is im-
parted to the two Kr atoms and propagated via
collision cascade between neighboring atoms and
may lead internal sputtering if the ED occurs in
the vicinity of the surface. The kinetic energy dis-
tribution of the desorbed ground state Kr atoms,
which was measured by a time of flight (TOF)
technique using keV electron and He ion beams as
an excitation source [6], was successfully repro-
duced by the classical molecular dynamics (MD)
calculation by Dutkiewicz et al. [7] on the as-
sumption of ED, a collision cascade, and internal
sputtering. In the MD calculation, the average
number of atoms sputtered was calculated for a
given depth where the ED occurred. The film thick-
ness dependence of the desorption yields, which
was measured for keV light ion bombardment [8],
indicates that long range energy transfer occurs
and that the electronic excitation energy embedded
in the bulk can contribute the desorption.

In the present study, we report the results of the
absolute measurements of the total desorption
yields from the surface of solid Kr by photo exci-
tation and by electron excitation. We also show
that the “absolute” values of the desorption yields
are well explained by the simple model calculation
of desorption process.

2. Experimental

The electron stimulated desorption (ESD) ex-
periment was carried out in Gakushuin University
and the photon stimulated desorption (PSD) one
at beamline BL5B in UVSOR facility, the Institute
for Molecular Science, Okazaki, Japan. The details
of these experimental apparatuses have been de-
scribed elsewhere; ESD [9] and PSD [9,10]. For
both experiments, a liquid helium cryostat, a
quadrupole mass spectrometer, and an ionization
gauge were installed in a main vacuum chamber
with a base pressure less than 1 x 1078 Pa, which is
equipped with a gas handling system. The absolute
total desorption yield was calculated from the
partial pressure rise of desorbed species during the
photon or electron irradiation, the absolute flux of

the incident photon or electron beam, and the
pumping speed of a turbo molecular pump and the
cold surface of the cryostat for the desorbed spe-
cies. The quadrupole mass spectrometer for the
partial pressure measurement was calibrated by
the ionization gauge at each run of the measure-
ment. The pumping speed was determined from
the pressure which was measured by the ionization
gauge in the main chamber and from the flow rate
which was measured volumetrically using a refer-
ence volume and a Baratron pressure gauge of the
gas handling system. In the PSD experiment, the
photon flux was simultaneously monitored by
measuring a photoelectron current emitted from
the gold plated mesh which was inserted in the
beam line. The quantum efficiency of photoelec-
tron emission of gold was adopted from the data
reported by Cairns and Samson [11]. The frac-
tion of the higher order light from the mono-
chromator reached about 40-60% of the total
photon flux in the wavelength range between 80
and 130 nm [12], for which suitable compensation
was made in the calculation of the absolute yield.
The film of solid rare gas was prepared by con-
densing gas on the cold surface of a platinum
(PSD) or a copper substrate (ESD) attached to
the liquid helium cryostat. The sample tem-
perature was about 6 K. The film thickness was
calculated from the exposure, the product of
pressure and exposing time of gas, on the as-
sumption that the condensation coefficient of Kr
was unity.

The uncertainty in determining the absolute
desorption yield is estimated at as large as £1/3
of the order of magnitude; error bars ranging
from a half to twice the measured value should
be added in the figures. It was mainly caused
by the uncertainty in the pressure measurement
and, in the case of PSD experiment, in the inten-
sity estimation of the incident photon flux. No-
ticeable changes in the desorption yields were
observed after a few hours exposure of the sample
in the chamber at a pressure of lower 1078 Pa
range. It was probably due to adsorption of the
common residual gases in a UHV system; H,,
H,0, CO, etc. The uncertainty caused by this
impurity effect is within the error bar above men-
tioned.
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3. Absolute desorption yields and its thickness
dependence

3.1. PSD measurement

The wavelength dependence of the photo-
desorption intensities from the solid Kr for three
different film thickness is shown in Fig. 1, where
the curves are the direct output from the mass
spectrometer with no compensation applied for the
higher order light. The arrows show the wave-
length corresponding to the excitation of the series
of excitons in solid Kr. The coincidence between
the exciton excitation energies and the peaks or
shoulders in the figure clearly shows that the ex-

(c) 1200 atomic layers

B2(1/2) BI(1/2) B1(3/2)
B2(3/2) —

v

Desorption yields (a. u.)
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A A
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(a) 10 atomic layers

I 1 I { |
105 110 115 120 125

Wavelength (nm)

Fig. 1. Wavelength dependence of total photo-desorption yield
from solid Kr. The film thickness is (a) 10, (b) 150 and (c) 1200
atomic layers. The abbreviations for the exciton states are as
follows; B: bulk, S: surface, number: order, 1/2 and 3/2: the
total angular momentum of the p-hole.
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Fig. 2. Thickness dependence of the PSD yields of krypton by
bulk and surface excitonic excitation.

citons play an important role in the desorption
process. The desorption yields which were directly
due to excitonic excitations were estimated by the
peak height above the continuous background
which was due to the bulk ionization caused by the
higher order light from the monochromator. The
absolute desorption yields by the excitations of
S1(3/2), B1(3/2), and B1(1/2) excitons are shown in
Fig. 2 as a function of the film thickness. The de-
sorption yield at S1(3/2) excitation has apparently
no thickness dependence and is about 0.015 atoms/
photon. The desorption by the bulk exciton cre-
ation becomes detectable at a few tens atomic
layers in our experimental condition. The desorp-
tion yields at B1(3/2) and BI1(1/2) excitation in-
crease with the film thickness and reach a value of
saturation at the thickness of about 100 atomic
layers, 0.03 and 0.02 atoms/photon, respectively.

3.2. ESD measurement

The absolute ESD yields and the thickness de-
pendence at the incident electron energy of 220 eV
are shown in Fig. 3. The yield increases with film
thickness and seems to be saturated above 100
atomic layers.
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Fig. 3. Thickness dependence of the ESD yields of krypton at
the excitation energy of 220 eV.

4. Desorption model and simulation of desorption
yields

The desorption process caused by ED and in-
ternal sputtering can be considered as six sequen-
tial steps: (i-1) creation of free excitons or (i-2)
creation of electron—hole pairs (ionic state), (ii)
migration of these excited states, (iii) formation
and (iv) dissociation of excimers, (v) kinetic energy
transfer by collision cascade, and (vi) internal
sputtering near the vacuum interface. To estimate
the final desorption yields, each step is examined
and quantitatively evaluated.

(i-1) Creation of excitons: Under the condition
of selective excitation by a monochromatic light in
PSD experiment, the density distribution of the
excitons created in the bulk is estimated from the
absorption coefficient p of light. The number of
excitons /(x)dx created between x and x + dx of the
distance from the vacuum interface is

I(x)dx = Iype ™ dx, (1)

where I is the initial photon flux. The absorption
coefficient u of Kr at B1(3/2) excitation energy is
1.5 x 10° cm™' [13].

(i-2) Ionization in bulk: An electron beam with
energy much higher than the ionization energy can

produce a number of electron-hole pairs on its
track in solid Kr. The distribution of the electron—
hole pairs was calculated on the assumption that
the incident electron loses a mean energy W at
each ionization [14] on the straight track which is
normal to the surface of the film. In order to es-
timate the mean free path of the electron in Kr
film, we used the data of the ionization cross sec-
tion and its energy dependence of an isolated
atom, namely in the gas phase. Fig. 4 shows the
result of the simulation for the incident energy of
220 eV.

(i1)—(1i1) Migration of the excited states and the
formation of excimers: The created free excitons or
ionic states can diffuse in the solid. The density
distribution of the mobile excited state n(x) in the
steady state can be modeled by the following
equation,

d’n(x) nx
D dx(z)—ﬁ—l—l(x)zo, (2)

T

where D is the diffusion coefficient of the mobile
excited state, 7 is the lifetime of the mobile state,
and /(x) is the initial distribution described in (i-1)
or (i-2). We assumed here a single 7 to characterize
trapping of the mobile state into the molecular
type self trapped exciton because, in the case of
heavier rare gas solid (Kr and Xe), most of the
excitonic excitation forms an excimer. It has been

0.30F T T T T T
[}
°
0201 *
[}
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0.15F A .
[ ]
*
0.10 =

0.05F N

Relative number of created ions: I(x) /Io
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Distance from the vacuum interface: x (atomic layers)

Fig. 4. Calculated distribution of the number of ions created in
the film by 220 eV electron bombardment.
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revealed in a photoemission study [15] that the
branching ration of the decay from an atomic type
exciton into the ground state is much smaller than
that into excimer formation in solid Kr and Xe.
The behavior of the excited states at the interfaces
with vacuum and with the metal substrate deter-
mines the boundary conditions on Eq. (2). Though
the dynamics of excitons at these interfaces are not
well understood, the photoemission data of Kr
were best described by assuming that the metal
surface is a perfect sink and the vacuum interface
is perfect reflector for the exciton [16]. The exper-
imental results of MeV light ion bombardment on
a solid argon film are also consistent with the
metal surface being a perfect sink [17]. For both
the exciton and the ionic state, we assumed two
boundary conditions as follows,

dn(0) _
o 0 3)
n(d) =0, (4)

where d is the thickness of the sample film. Egs. (3)
and (4) correspond to the vacuum interface being a
perfect reflector and the metal substrate being a
perfect sink, respectively. Eq. (2) is transformed
into the following equation,

,d*N(x) B
L FrEa N(x)+1(x) =0, (5)
> = Dr, (6)
Ny =" ™)

where L is the diffusion length of the mobile exci-
ton or the ionic state and N(x) is the rate of
trapping into the excimer. Under steady state
conditions, because all the excimers dissociate
sooner or later, N(x)dx is the rate of the dissocia-
tion, namely the release of kinetic energy, between
x and x + dx. For given /(x), Eq. (5) with boundary
conditions (3) and (4) can be solved analytically or
numerically with L as the only uncertain parame-
ter. Fig. 5 shows the solution for the diffusion
length L of 10 nm for four different film thicknesses
in the case of B1(3/2) excitation by photon. The
density of the excimers trapped in the vicinity of
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L =10nm
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n(x) /TIO
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d = 50nm
0.002 d = 100nm-—
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Trapping ratio of exciton :

I 1 L
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Trapped position: x (nm)

0.000

Fig. 5. Solution to Eq. (5) for the diffusion length L = 10 nm
and for four different film thicknesses (d = 5, 10, 50, 100 nm).
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Fig. 6. Solution to Eq. (5) for various diffusion lengths L and
for the film thickness d of 1000 nm.

the vacuum interface, which contribute to the de-
sorption, increases with the film thickness and
reaches a saturated value. The pronounced effect
of the diffusion length L on the magnitude of
n(0)/7 is shown in Fig. 6 for the film of 1000 nm in
thickness.

(iv)-(vi) ED, collision cascade, and sputter-
ing: The results of a classical MD calculation by
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Dutkiewicz et al. [7] were adapted for use with the
above results to estimate the desorption yields. In
their calculation the number of ejected atoms was
calculated as a function of the depth x where the
release of kinetic energy occurred. The results of
PSD simulation are shown in Fig. 7 with the ex-
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—— Simulation
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0.02-

Absolute desorption yields (atoms/photon)

0.00 ..., — \
10 100 1000
Thickness of Kr film (atomic layers)

Fig. 7. Results of the model simulation of PSD yields by B1(3/
2) excitation for different diffusion lengths (L = 1, 5, 10, 50 nm).
The experimental results are shown for comparison.
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Fig. 8. Results of model simulation of ESD yields by 220 eV
electron irradiation for three different diffusion lengths (L = 20,
30, 100 nm). The experimental results are shown for compari-
son.
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Fig. 9. ESD yields of incident electron energy dependence.
Results of model simulation are indicated by solid line for three
different diffusion length (L = 20, 30, 100 nm) and the experi-
mental results are indicated by solid circles. Thickness of
krypton film was 100 atomic layers.

perimental results for comparison. The curve cal-
culated for the diffusion length L of 10 nm
reproduces well both the thickness dependence and
the absolute value of the desorption yield at sat-
uration. The simulations of the thickness and the
incident energy dependence for ESD are shown in
Figs. 8 and 9, respectively. In the case of ESD, the
saturated value of the yield and the incident elec-
tron energy dependence are well reproduced by the
simulation with L of 30 nm while there is obvious
discrepancy in thickness dependence for thin films.

5. Discussion

The absolute yield, the film thickness depen-
dence, and the incident energy dependence of the
total desorption from the solid Kr film were con-
sistently and satisfactorily reproduced by adjusting
the diffusion length L as the single parameter for
simulation. For the PSD result in which bulk ex-
citons in the B1(3/2) state are selectively excited by
monochromatic light, L is that of the free exciton.
Considering that the magnitude of L may strongly
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depend on the crystalline condition and the tem-
perature of the film, to say nothing of the theo-
retical derivation, it is not easy to make a critical
comparison with other experimental results. We,
however, refer to the result of the photoemission
study by Schwentner et al. [16]. They have re-
ported the diffusion length of the exciton in solid
Kr of the range between 1 and 10 nm which is
consistent with our value used in the simulation. In
the case of ESD, the mobile excited states are
thought to be not only the single excitonic state
but those in higher states as well as ionic states.
The diffusion length should be, therefore, the
weighted average of them. From the desorption
experiment under similar conditions by light ion
bombardment with keV energy, Schou have esti-
mated that the average diffusion length of the
mixed higher excited states in Kr was 30 nm [8],
which also shows good agreement with our simu-
lation results. The discrepancy between the mea-
surement and the simulation for thin films less
than 100 atomic layers in ESD of Kr is thought to
be caused by secondary electrons from the metal
substrate, which were not considered in the present
simulation. It should also be considered that the
Antoniewicz mechanism [18] may work efficiently
for films of a few atomic layers or less.

6. Summary

We have measured the absolute total ESD and
PSD yields from the surface of solid Kr. At the
films thicker than 100 atomic layers, the absolute
photo-desorption yields are about 0.03 and 0.02
atoms/photon at the excitation energy of B1(3/2)
and B1(1/2), respectively. In the case of 220 eV
electron impact, the desorption yields is about 0.1
atoms/electron at the film thicker than 100 atomic
layers. The uncertainty of these value would be
+1/3 of the order of magnitude. The absolute de-
sorption yields and its dependence on the film
thickness and on the excitation energy was calcu-
lated by the simulation based on the desorption
model of the ED followed by collision cascade and
internal sputtering. They were quantitatively re-

produced by adjusting the diffusion length of the
mobile excited state as the only parameter for
simulation.
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