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Hot-carrier transport processes in stimulated desorption of alkali halides

J. J. Kolodziej and M. Szymonski
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Electron- and photon-stimulated desorption of epitaxial thin films and bulk single crystals of alkali halides
has been investigated. It has been found that the widely accepted model based on self-trapped exiton decay and
thermally activated defect diffusion cannot account for a number of experimental observations. In particular, it
cannot explain the stability of the very thin alkali-halide films against the electron beam, and it fails to interpret
correctly the yield dependence of the halogen atoms emitted with nonthermal energies on the film thickness
and sample temperature. It is shown that for satisfactory interpretation of those data one has to take into
account early stages of crystal excitation, i.e., hot carrier formation and transport processes occurring prior to
self-trapped exciton phase. Consequently, a comprehensive description of the observed desorption features is
presented.@S0163-1829~98!01943-2#
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I. INTRODUCTION

When a keV electron hits a crystal it loses energy in
cascade of excitations1 having a spatial extent of;1000 Å.
Although most of the initial excitations are of a core-typ
subsequent fast (;10217 s) decay of these excitations an
reabsorption of energy of their products causes that aft
time of about 10215 s nearly all primary energy is deposite
in a form of valence-hole–conduction-electron pairs and
lattice vibrations.2 The electrons and the holes created by
cascade are hot. They possess kinetic energies due to th
that all states in the bands are equally populated by elec
excitation. An average initial energy of the hot electron
hot hole may be taken as a half of the conduction of vale
bandwidth, respectively. In case of alkali halides th
amounts to 1–2 eV.3 The evolution of moving charges in th
polarizable lattice is often described in standard textboo4

Nonstatic ~e.g., moving! charges interact with the
longitudinal-optical phonon field through the electric field
the polarization wave. Due to this coupling the kinetic e
ergy of charged~quasi!particle is gradually transferred to th
lattice by collisions with phonons. The energy released
~absorbed from! the alkali-halide lattice during a single op
tical phonon creation~absorption! event is 20–30 meV~Ref.
5! ~depending on the compound!. Typically a quasiparticle
colliding with a phonon changes its energy by a sm
amount. However, due to comparable band momenta of
particle and the phonon, its velocity vector may underg
considerable change in direction. As a result the motion
the hot quasiparticle in the alkali-halide lattice is Brownia
like. Furthermore, since we expect that the hot particle m
free path is much shorter than the size of an excitation v
ume, all electrons and holes should roughly be confin
within the cascade. A dense electron-hole plasma formed
way (;1018 e-h pairs/cm3) lasts until thermalization of the
excitation products (;10212 s). After that time electrons
and holes become slow enough to cause the surroun
crystal to rearrange significantly and minimize the total s
tem energy~self-trapping!. There are a few possible lattic
configurations around self-trapped electrons and self-trap
PRB 580163-1829/98/58~19!/13204~8!/$15.00
a

,

a

e
e
fact
on
r
e

.

-

o

ll
e

a
f

-
n
l-
d
is

ng
-

ed

holes that have been discussed in detail by Williamset al.6

Subsequently, the defects may decay or migrate in the cry
by the thermally activated hopping motion.

An extreme instability of alkali halides against ionizin
radiation was discovered in the 1950s as a result of w
interest in radiation damage of materials. In the late 1960
was discovered with the use of Auger electron spectrosc
~AES! that the alkali-halide surface subjected to electr
bombardment was deficient in the halogen compone7

Later measurements by Townsendet al.8 and de Vries and
co-workers9 showed that the electron-stimulated desorpt
~ESD! of alkali halides occurs as a very efficient proce
leading to preferential emission of the halogen compone
The excess alkali atoms either accumulate on the surface
form of metallic islands or, if the sample temperature is hi
enough, evaporate from the crystal surface. Detailed m
surements of the halogen atom-velocity spectra for rubidi
and potassium halides indicated two components.9,10 One is
well described by a thermal, Maxwell-Boltzmann distrib
tion characterized by the surface macroscopic temperat
the second is a hyperthermal component with a maxim
around 0.3–0.4 eV. The intensity of the Maxwellian comp
nent is activated with the target temperature~Arrhenius-type
dependence! while the intensity of the hyperthermal part d
creases weakly with increasing temperature. Alkali atoms
emitted with thermal energies under all conditions but th
time-of-flight spectra could be influenced by delayed em
sion from the surface at low temperatures.11 It has been com-
monly believed that atomic emission from alkali halides
sults from evolution of the self-trapped excitons9,12,13 and
that the earlier stages of excitation are insignificant for
desorption processes. In the early model proposed
Townsendet al.8 the nonthermal emission originates fro
the decay of the self-trapped exciton~STE! near the surface
initiating the so-called ‘‘focused replacement cascade.’’ T
thermal component was described by Szymonski14 as due to
the hopping motion of defects,F and H center pairs~the F
center is formed by an electron trapped in a halogen vaca
the H center is formed by an interstitial halogen atom!, pro-
duced by internal decay of STE, carrying energy to the s
13 204 ©1998 The American Physical Society
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PRB 58 13 205HOT-CARRIER TRANSPORT PROCESSES IN . . .
face and either producing halogen adatoms on the sur
~H! or neutralizing surface alkali ions~F!. All these concepts
assumed that the initial defect concentration was prop
tional to the primary deposited energy density.

It is expected, however, that hot quasiparticles, des
their very short lifetimes, can redistribute the primary ex
tation energy in the solid and provide an efficient transpor
excitation energy from the bulk to the surface or to the
terface. Elango15 observed a loss of quantum efficiency
electron-excited intrinsic luminescence from impurity-dop
NaCl, which they attributed to the hot hole diffusion tran
port of the excitation to impurities. Szymonskiet al.10 have
measured the nonthermal emission of halogen atoms f
alkali halides and argued that the emission process is
ceded by the hot excitation diffusion. Nevertheless, the r
of the hot excitation transport in radiation-induced proces
in alkali halides is still controversial and not known in deta
In this paper we present a comprehensive review of our
cent experimental data on electron- and photon-induced
sorption of thin films and bulk alkali halides. A consiste
description of these data is given in terms of a model tak
into account both possible energy-transport processes:
transport by hot~nonequilibrium! carriers and by the ther
mally activated hopping motion of lattice defects.

II. EXPERIMENTAL TECHNIQUE

An UHV system consisting of two chambers was used
the experiment. The analysis chamber contained an elec
gun, low-energy electron diffraction~LEED! diffractometer,
a hemispherical energy analyzer, and a quadrupole m
spectrometer. The preparation chamber enabled substrat
sample preparation and it contained an ion gun, a qu
crystal microbalance, and an effusion cell for molecul
beam epitaxy. Magnetically coupled transfer allowed
sample to be moved between the two identical target
nipulators in the two chambers. The base pressures were
than 3310210 torr in the analysis chamber pumped by
combined ion/titanium sublimation pump, and less than
31029 torr in the preparation chamber, pumped by a turb
molecular unit.AIIIBV semiconductors were used as su
strates for thin-film epitaxial growth. These semiconduct
have the cubic zinc-blende structure, and the variety of
ferent component combinations allows finding a substr
that has a good lattice match with the given alkali-hal
compound. Moreover, there exists a strong bond between
halogen ion and theAIII element of anAIIIBV substrate that
properly arranges the first monolayer of deposit.16 In the
present study a gallium arsenide substrate was chosen
sodium chloride~mismatch ;0.4%! and an indium anti-
monide substrate for potassium bromide~mismatch;1.5%!.
The substrate was cleaned with repetitive sputtering of lo
energy Ar ions~0.8 keV! and annealing~600 and 500 °C for
GaAs and InSb, respectively!. This procedure was used t
generate the clean,c(832) reconstructed surface rich in ga
lium or indium, as indicated by comparing the AES spec
taken at grazing and 45° excitation. This was consistent w
previous work on the structure of the reconstructedAIIIBV
surface.17,18 The samples of thin epitaxial films were pr
pared by evaporation of the alkali-halide vapors from
effusion cell at a rate of 0.5–1 ML per second onto a cle
ce
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substrate. ML stands here for a monolayer, understood
single layer of atoms~thickness; 2.8 Å for NaCl, and 3.1 Å
for KBr.! It was found that a deposition of the layer corr
sponding to 3 ML of KBr caused a complete quenching
substrate Auger peaks~appearing at 400–500 eV! observed
at a low angle and the change of the LEED pattern fr
c(832) characteristic for the substrate to sharp (131) char-
acteristic of an alkali-halide single crystal occurred below
ML, as illustrated in Figs. 1~a! and 1~b!. Based on these
measurements, together with the previous work by Saiki,
kamura, and Koma,19 it was assumed that the growth mod
was a two-dimensional layer-by-layer type.

Alkali-halide epitaxial films were desorbed by a 2 keV
electron beam focused into a 0.5 mm-diameter spot. A t
desorption signal of halogen atoms was measured as we

FIG. 1. The low-energy electron diffraction image of the su
strate surface~100! InSb prepared for deposition of alkali-halid
film ~a!, and for 4-ML-thick film of KBr on this substrate~b!.
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13 206 PRB 58J. J. KOLODZIEJ AND M. SZYMONSKI
velocity distributions by means of time-of-flight20 ~TOF!.
Special care was taken to minimize erosion of the thin film
The electron beam was scanned over an area of;30 mm2,
and the electron current was minimized to 0.5mA. A film of
given thickness was desorbed until no observable desorp
signal was present~which took place at 20–30 Å as de
scribed further in the text!. The total number of counts reg
istered during this desorption allowed to calibrate our det
tion system in absolute units of the yield. Experimen
conditions were chosen in such a way that the film thickn
change due to desorption did not exceed 2% during a si
experimental run~whenever constant film thickness wa
needed!.

III. RESULTS, DISCUSSION,
AND THEORETICAL CONSIDERATIONS

A. Thermal desorption yields and the thin-film stability
against radiation

It has been well established that the thermal componen
ESD is universal in alkali halides.21 At elevated temperature
the majority of atoms emitted from the surface have therm
velocities. This is true for electron9,22 as well as photon23 and
ion excitation.24 Standard models describing the proce
leading to thermal emission start at the final stage of
excitation cascade evolution when the thermalized vale
hole stops in the crystal bulk. Static charge causes a r
rangement of the surrounding lattice and trapping of
hole. Consequently, the hole is associated with a cer
halogen in the lattice that becomes neutral. Opening an o
p shell of the lattice halogen by hole localization leads toVk
center formation.6 A covalent bond is formed between th
neutralized halogen and a neighboring halogen ion. T
move closer together and a dihalide molecule is formed
side the crystal. The stableVk may trap an electron forming
a self-trapped exciton and finally decay into anF, H pair. A
detailed description of the STE dynamics is given in Ref.
An essential process in ESD is the thermally activated h
ping motion of STE decay products. The activation energ
for H centers are particularly low and huge desorption yie
can be expected in this process. At 400 °C for bulk crys
line NaCl bulk 14 molecules were recorded per single
keV electron.25 A thermally activated hopping motion of th
defects efficiently transports excitation energy to the surfa
At lower sample temperatures an increased probability
the center’s radiative recombination ofF and H competes
with desorption. Nevertheless, in an idealized crystal an
very low excitation density,F andH centers could have ex
tremely long lifetimes and the number of molecules remov
from the surface would be close to the number of electr
hole pairs generated in the crystal. Such a low excitat
density case may be a model for our photon-stimulated
sorption ~PSD! experiment where fluxes o
1013 photons/mm22 were applied.23

For a ;1 keV electron excitation the yield depend
strongly on electron current. It is likely, therefore, that t
main role in desorption quenching is played by the ste
stateF center density. For simplicity of the model we assum
a constant diffusion length of defects~H centers! across the
crystal. Such an assumption is justified since we do not h
a large variation of primary deposited energy density in
.
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films. The steady-state concentration of hoppingH centers
can be described by the following diffusion equation:

DH

d2nH

dx2 2
nH

tH
1N~x!50, ~1!

where DH is the diffusion coefficient,tH is the lifetime
mainly due toF-H recombination, andnH is a steady-state
concentration of interstitials~H centers! as a function of
depth~x!. The sourceN(x) is a combination of linear func-
tions adopted from Al-Jammal, Pooley, and Townsend26 and
Bronshteyn and Protsenko27

The solution is found as

nH~x!5A1,ke
x/lH1A2,ke

2x/lH1tHN~x!, lH5ADHtH,
~2!

where indexk stands for different regions of depthx in
which the sourceN(x) is linear, andAi ,k are constants to be
calculated from additional conditions.

When anH center arrives at the surface it produces
halogen atom weakly bound to the surface, which desorb
a short time. Thus, the surface acts as a perfect trap
diffusing H centers. In the case of a thin film, an interstiti
halogen atom cannot transfer to the substrate and the in
face acts as a perfect reflector for diffusion. Accordingly, t
following conditions should be taken at the film boundarie
at the surface,

DH

dnH~0!

dx
5Ds,HnH~0!, Ds,H→`,

and at the interface, at depthd,

DH

dnH~d!

dx
52D i ,HnH~d!, D i ,H→0,

whereDs,H andD i ,H are surface and interface recombinati
rates, respectively. The coefficientsA1,k and A2,k are calcu-
lated from the boundary conditions and from thec1 condi-
tion on a solution joining point~the first derivative continu-
ous!. The desorption intensity may be taken proportional
the interstitial concentration at the surface. Due to the f
that the hopping motion of interstitials is activated therma
we take, after Ref. 28,

lH5l0eEa /kT,

where T is the macroscopic target temperature,Ea is the
activation energy for a jump to the neighboring interstit
site, andl0 is the high-temperature limit of diffusion lengt
of H centers along the coordinate perpendicular to the s
face. Additionally, in thin films we have to consider the i
fluence of the interface on the initial energy deposition in
crystal. The substrate has a mass density approxima
twice the density of the film~roughly the same holds for th
stopping power for electrons27!. Thus, we expect that the
interface increases the amount of energy deposited by e
getic electrons at its proximity. Assuming that the ener
distributions of electrons at the interface plane are the sa
in the forward and the backward directions, we may acco
for this effect simply by mirroring the part of the profile o
Al-Jammal, Pooley, and Townsend profile with respect to
interface plane with a certain weightg. This is equivalent
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to adding the factorgN(2d2x) to the initial excitation
sourceN(x) ~whereg is the inelastic ‘‘reflection’’ coefficient
at the interface!. In Fig. 2 we can see a comparison of t
measured halogen yields~points! and the solid curves calcu
lated from our model. The activation energy found from t
fit is 0.2560.02 eV in good agreement with previou
results.29 The diffusion length of ourH centers changes from
30 to 700 Å with temperature increasing in the range 2
300 °C; these values certainly vary with different electr
current densities.

The model fails, however, to explain the behavior of t
desorption yield for a very thin films as seen in Figs. 3 and
The measurements show that there is no observable de
tion for films thinner than 10 ML for NaCl and 8 ML fo

FIG. 2. The ‘‘thermal’’ component of Br desorption from KB
films as a function, the film thickness for few different tempe
tures. Solid lines were evaluated from the thermally activated de
~H-center! diffusion model.

FIG. 3. The ‘‘thermal’’ component of Br desorption from KB
films as a function of the film thickness, thin films case. No deso
tion below 8 ML is observable. Lines were drawn to guide an e
–

.
rp-

KBr. The diffusion model predicts a linear increase of t
desorption yield from zero thickness~see Fig. 4, solid line!.
In principle, its artificial continuity~no atomic layers taken
into consideration! could account for the absence of desor
tion from the initial 2–3 ML but certainly not from the 10
ML film. We shall argue that this thin-film stability is a
manifestation of the hot excitation diffusion process and
terface trapping. The electronic structure of theAIIIBV semi-
conductor alkali-halide interface is represented by a diag
in Fig. 5. Conduction electrons and valence holes are lik
to transfer from the alkali-halide film to the semiconduct
substrate, but the opposite should not occur. Thus, we m
expect that the interface acts as a trap for excitations
very initial stage of their evolution. On the other hand, w
assume that the surface acts as a reflector for hot holes. O
again we use the steady-state diffusion equation:

-
ct

-
.

FIG. 4. The Cl desorption from NaCl films for a set of lo
thicknesses. No desorption is observable below 10 ML. The s
line is derived from continuous diffusion. The dashed line is fro
the model taking into account the interaction of hot holes with
interface.

FIG. 5. The simplistic scheme of the valence–conduction-b
electronic structure at the alkali halide–AIIIBV semiconductor junc-
tion. ~NaCl/GaAs!.



in

ol
t

ic
n

e
he

th
le
th
th
b

h
an
th
th

o
ns
nd
b
n
t
t

h
u
ia
o
,

th
ir
t
ur
e
rm
bu
c
th
si

r-
Th
te
er

r

the
ay

as a

Br
es
tical
by

of
r
e.

13 208 PRB 58J. J. KOLODZIEJ AND M. SZYMONSKI
Dh

d2nh

dx2 2
nh

th
1N~x!50, ~3!

but with the boundary conditions reversed: a trap at the
terface and a reflector at the surface. The lifetimeth is here
associated with thermalization and self-trapping of the h
in the polar lattice of the crystal. We expect the excitations
disappear at the interface causing no desorption. In part
lar, when the film thickness is comparable with diffusio
length of the hot hole (ADhth) nearly all energy primarily
deposited in the film is ‘‘pumped out’’ by the interface. W
may improve our model of thermal desorption by taking t
source to benh(x)/th instead ofN(x). The curve evaluated
from this improved model~dashed line in Fig. 4! reproduces
our desorption data with much higher accuracy, including
case of a very thin film. The diffusion length of the hot ho
giving the best agreement of the experiment for NaCl and
model may be assessed as 30 Å. We would like to stress
no apparent influence of the hot carrier diffusion could
observed for desorption of the thick~bulk! sample, since the
change of a shape of the defect distribution caused by
diffusion is insignificant in this case. In conclusion, we c
say that our desorption data for very thin films reveal that
hot carrier diffusion takes place at early stages of
thermal-desorption process.

B. Nonthermal desorption vs the film thickness
and primary electron energy

There were two attempts to explain the phenomenon
nonthermal desorption. The first, suggested by Szymo
et al.,10 implied that the energy for crystal bond breaking a
emission of a halogen atom is supplied to the surface
diffusion of hot electron-hole pairs. If a hole is localized o
a surface halogen, the Coulombic bond disappears and
halogen atom could be ejected due to Pauli pressure of
surrounding electron cloud. In this case a creation of the
electron-hole pair may take place inside the crystal and, s
sequently, the pair could be transported to the surface v
hot carrier diffusion. The second concept, originally pr
posed by Townsendet al.8 and recently modified by Chen
Cai, and Song13 and Puchinet al.30 implied that the nonther-
mal atoms are ejected as a result of the (Vk1e) STE con-
figuration decaying toF andH pair in a close vicinity of the
surface. Calculations by Chen, Cai, and Song predicted
in this latter case the emission is expected from the th
atomic layer of the crystal.13 The authors, however, did no
consider hot excitation diffusion. But such diffusion, to o
opinion, must be included in order to understand phenom
such as the dependence shown in Fig. 6. The nonthe
desorption yield varies with the primary electron energy
it does not follow the stopping power of the electrons. Su
behavior can be, however, explained by assuming that
diffusion of excitation changes the deposited energy den
distribution prior to the desorption process.

A systematic study of thin-film desorption provides fu
ther arguments for such a hot carrier-diffusion process.
dependence of nonthermal yield vs film thickness is plot
in Fig. 7. The onset of the yield is noticeable already at v
low film thicknesses~,20 Å!, then it rises smoothly and
saturates at a thickness of about 200 Å. This behavio
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almost independent of the sample temperature within
range 25–150 °C. For diffusion of the hot carriers we m
write again

Dex

d2nex

dx2 2
nex

tex
1N~x!50, ~4!

whereDex is the diffusion coefficient,tex is the lifetime, and
nex is the steady-state concentration of hot quasiparticles
function of depthx.

If the sourceN is linear, the solution for thin films may be
found in the form

FIG. 6. The dependence of the ‘‘nonthermal’’ part of ESD of
from KBr crystal on primary electron energy. Dashed line show
the primary deposited energy density at the surface. The theore
dependence evaluated from the hot diffusion model is denoted
the solid line.

FIG. 7. The dependence of the ‘‘nonthermal’’ component
ESD from KBr films in absolute units~number of emitted atoms pe
one primary electron! vs the film thickness at room temperatur
The solid line is evaluated from the hot diffusion model.
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nex~x!5B1,ke
x/lex1B2,ke

2x/lex1texN~x!, lex5ADextex.
~5!

The coefficientsB1,k and B2,k are calculated from the
boundary and joining points conditions. It is assumed t
the surface is a trap~as we observe desorption!, thus

Dex

dnex~0!

dx
5Ds,exnex~0!, Ds,ex→`,

and the interface is a reflector for diffusing carriers~as we do
not observe an ‘‘interface’’ pumping effect;

Dex

dnex~d!

dx
52D i ,exnex~d!, D i ,ex→0,

whereDs,ex andD i ,ex are surface and interface recombinati
rates. The desorption has to be proportional to the conc
tration of excitations at the surface. Comparing the cu
from the model with experimental points, the diffusio
length of excitation carriers is found to be 140615 Å. Simi-
larly, for the primary electron-energy dependence~Fig. 6!,
we can evaluate the theoretical shape from the same m
assuming infinite film thickness and allowing the sour
N(x) in Eq. ~5! to change according to the formula of A
Jammal, Pooley, and Townsend.26 A satisfactory fit ~see
solid line, Fig. 6! is obtained at diffusion length 130 Å. Thu
the assumption that ejection of nonthermal halogen atom
preceded by diffusion of hot excitation carriers allows for t
consistent description of the desorption yield behavior
both the film thickness and the primary electron energy.
course, the question arises, what is the nature of our dif
ing quasiparticle. It cannot be a hole alone, since as we fo
in Sec. III A, its diffusion length is much shorter, and
shown by the results of our recent PSD measurements~see
Sec. III D!, we do not expect the nonthermal ejection to o
cur due to a hole arriving at the surface alone. However
the electron-hole plasma created by electron impact in
crystal, we may find another candidate—a hot exciton.~It
was found that in dense electron-hole plasmas the in
electric current is rapidly quenched due to the fact tha
certain fraction of electron-hole pairs is converted in
excitons.31! Such an exciton may have any momentum
lowed by the band configuration. The hot excitons can
decay radiatively until they become cool~the photon canno
take their momentum!. Accordingly, they have to follow a
random walk scheme, as already described for holes.
interaction of hot excitons with a longitudinal phonon fiel
which dominates in polar crystals, is weaker~comparing to
charged quasiparticles! due to mutual screening of the ele
tron and the hole. Thus, we expect much greater diffus
lengths for excitons than for holes. This implicates the
exciton as a precursor state for the nonthermal ejection
cess.

In conclusion, we can state that the energy-transport p
cess preceding surface ejection of the nonthermal halo
atoms is well described by the hot diffusion of free excito
t
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C. Dependence of nonthermal desorption on temperature

As we have already mentioned, the intensity of the d
namic ~nonthermal! halogen component decreases wea
with sample temperature. Previously, the present auth
proposed that this behavior was due to a steady state con
tration of defects created in the crystal by the electr
beam.20 However, further experiments have shown that t
nonthermal component is not significantly dependent on
current density,22 and on the concentration of impurities i
the lattice.32 In this section we demonstrate that this we
temperature dependence can be satisfactorily explained
the interaction of hot excitation carriers~excitons! with the
polar lattice and that invoking of other concepts is not
quired.

Let us assume that the hot excitation of mean initial e
ergyE diffuse in the polar crystal. The scattering rates due
interaction with the given mode~q! of the optical-phonon
field may be expressed as follows33:

1

tem,abs
5

A

q2 ~Nq1 1
2 6 1

2 !, ~6!

whereq is the wave vector associated with the optical mo
the parameterA may be treated as independent onq due to
the flat dispersion relation for optical phonons, the sign ‘‘1’’
stands for emission and ‘‘2’’ for absorption of a phonon,
andNq is the population of theq optical mode.

An energy loss to the modeq is equal to

dE

dt
5\vLOS 1

tabs
2

1

tem
D5

2A\vLO

q2 . ~7!

Taking vLO as constant~flat dispersion!, we can easily
integrate the energy loss (DE) over all phonon modes. The
result does not depend on phonon population~or crystal tem-
perature!. In such a case the lifetime of the excitation do
not depend on temperature either. However, the numbe
scatterings~n! suffered by our excitation is proportional t
the sum of emission and absorption scattering rates ove
phonon modes:

n}(
q

S 1

tabs
1

1

tem
D}(

q
~2Nq11!. ~8!

The mean free path is inversely proportional to the total sc
tering rate:

l} 1
(
q

~2Nq11!
.

Taking Nq from the Bose-Einstein relation:

Nq5
1

exp@\vLO /kT#21
,

with the optical-phonon energy from Ref. 5 and multiplyin
An andl we can obtain the diffusion length of hot excitation
~l! vs temperature:

l}
1

A2Nq11
. ~9!
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This simple model enables us to calculate the instantane
parameters of diffusion for excitation having certain kine
energy~E!. In fact, the energy of the excitation changes d
ing time as far as we have to do with different initial kinet
energies. Fortunately, for one-phonon processes, all ave
ing, which is needed in order to take into account differe
possible initial excitation energies and excitation slowing
done over the proportionality factor and the shape of
temperature dependence must survive intact as in Eq.~9!.

The efficiency of the nonthermal desorption preceded
the diffusion of hot excitation carriers should be rough
proportional to the diffusion length of the carrier. In Fig.
the relative temperature dependences of the diffusion len
as estimated from Eq.~9!, and of the nonthermal yield ar
presented. It can be seen that the theoretical curve ca
fitted quite satisfactorily to the experimental data.

D. Lack of the nonthermal component
in photostimulated desorption

In contrast to ESD experiments the nonthermal com
nent has not been found in our experiment on desorptio
iodides stimulated by monochromatic vacuum UV radiat

FIG. 8. The ‘‘nonthermal’’ component of ESD of KBr as
function of the sample temperature. Circles denote the data ta
for 500 Å-thick film. Squares are for the data recorded for b
crystal. Solid line is evaluated on the basis of the exciton-pho
interaction model.
e
,

us

-

g-
t
s
e

y

th

be

-
of

~see also Ref. 23!. We argue that this is due to the very lo
excitation density created by the photon flux of 1015/(s cm2)
in such an experiment. Absorption of a single photon p
duces an isolated electron-hole pair, which, during its li
time, decays without interaction with other excitations.
photon energies corresponding to fundamental exciton
sorption the resulting primary excitons are static due to
fact that photon momentum is negligible in comparison
typical band momenta. In such a case the exciton is trap
immediately at the point of its creation and no excitati
transport to the surface could take place. Moreover, eve
the excitons are created directly at the surface they would
contribute to desorption, since only singlet excitons are c
ated directly with light. However, dynamic ejection pro
cesses could be initiated by triplet excitons as shown
Tanimura and Troh.34 Thus, the absence of the nontherm
part of desorption in PSD observed in our previous exp
ment is consistent with the concept of nonthermal desorp
driven by diffusion of hot~nonequilibrium! excitons.

IV. CONCLUSIONS

Electron- and photon-stimulated desorption studies of
itaxial thin films and bulk single crystals of NaCl, KBr, KI
and RbI have shown that hot carrier formation and transp
processes occurring prior to self-trapped exciton format
are of crucial importance for understanding and compreh
sive description of the observed phenomena. In particu
the following conclusions could be drawn.~1! Thermal de-
sorption component is properly described by thermally a
vated defect diffusion;~2! for thin alkali halide films with
thicknesses less than 8–10 ML, interaction of hot holes w
the interface quenches thermal desorption processes;~3! the
ejection of nonthermal halogen atoms is preceded by
Brownian motion of hot excitations~most likely free exci-
tons! in the ionic crystal;~4! the dependence of the nonthe
mal component on the temperature may be interpreted
terms of a hot exciton-phonon interaction;~5! the initial high
excitation density~electron-hole plasma! is a necessary con
dition for nonthermal desorption~such conditions cannot b
achieved by available UV photon sources!.
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