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Alkali halide layers on W(110): Electron-stimulated desorption of ions, structure, and composition
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Electron-bombardment-induced alkali- and halogen-ion desorption from NaC1, KCl, KBr, KI, and
CsI layers on W(110) are studied as a function of layer thickness from zero to several monolayers. The
ion-energy distributions change with coverage which indicates the action of several desorption processes.
The energy dependence of the ion yields shows that the primary step of these processes is the Knotek-
Feibelman mechanism. Postemission neutralization is found to play an important role. The evolution of
the ion yields with coverage contributes significantly to the understanding of the initial growth of the
layers, which is obtained mainly from Auger electron spectroscopy and work-function-change measure-
ments.

I. INTRODUCTION

Electron-stimulated desorption (ESD) of ions from sur-
faces is a challenging physical process with important ap-
plications and, therefore, has been the subject of
numerous studies (for recent reviews see Refs. 1 and 2).
In ESD from atomic and molecular adsorbates on metal
and semiconductor surfaces the ionization process occurs
in general in the adsorbed state which has been used with
great success to obtain bonding geometry information
from the ESD ion angular distribution. For ionic crystal
surfaces, however, ca1culations have shown that the prob-
ability of ion emission is significantly reduced if not
suppressed by lattice relaxation around the ionized
atom which depends on the specific crystal structure
and surface orientation. Thus for halides with rocksalt
and fluorite structure no ESD of F+ or Cl+ ionized in or
on the surface is expected. ' Only after multiple ioniza-
tion, which is improbable at low electron energies, is
there a reasonable chance for the desorption of halogen
ions. More likely is ionization of neutral species after
desorption, a process which has been demonstrated ex-
perimentally. In contrast to halogen ions X+, an alkali
ion M can be desorbed if a halogen ion X below it is
doubly ionized by an Auger process. ' The kinetic en-

ergy of the M+ ion is expected to be rather small, in
agreement with the observation of Na+ ions desorbed
from a NaC1 surface by electrons with energies above the
ionization threshold of the Cl 3s level (18 eV). In order
to obtain Na+ ESD below 30 eV it was necessary to dam-

age the surface by preirradiation. Thus it appears that
both M+ and X+ ESD are unlikely processes and that M
and X ionization occur after desorption.

In the present work, which is part of a comprehensive
study of alkali, halogen, and alkali halide layers on
W(110) (Ref. 8) we eliminate the causes of the suppression
of ESD ion emission and of ionization after desorption:
lattice relaxation and efficient neutral desorption. Lattice
relaxation occurs mainly within the first three atomic lay-
ers' and efficient neutral desorption requires a bulk
alkali halide crystal or at least a thick layer. By replacing

the bulk alkali halide substrate below the first or first two
layers by a metallic substrate the lattice relaxation, which
is due to Coulomb and overlap (Pauli) repulsion in the
ionic lattice, is significantly reduced and simultaneously
the source of the neutral desorption (the bulk alkali
halide) is eliminated. ESD ions should then be created
primarily in the alkali halide layer. Indeed, we have ob-
served some time ago very efficient ESD of C1 from KC1
layers on W(110) but the charge state of the desorbed Cl
was not analyzed at that time. ' In the present study we
measure the coverage and electron energy dependence of
the M+ and X+ ESD yields as well as the M+ and X+
energy distributions not only for KC1 but also for NaC1,
KBr, KI, and CsI in order to obtain a better understand-
ing of ion ESD from alkali halides.

II. EXPERIMENTAI. SETUP AND PROCEDURE

The experimental setup has already been described. "
The ultrahigh-vacuum system with a base pressure of
3 X 10 " Torr allowed mass and energy analysis of the
ESD ions with a quadrupole mass spectrometer and a cy-
lindrical mirror analyzer (CMA), work-function-change
(b,P) measurements and Auger electron spectroscopy
(AES) using the internal gun of the CMA, low-energy
electron ditfraction (LEED), and secondary ion mass
spectroscopy (SIMS).

The W crystal was oriented to within 0.05 of the (110)
orientation, mounted on 1-mm-diam W rods, and could
be quickly rotated into the various analysis and desorp-
tion positions. It was cleaned in the usual manner by
heating at 1400 K in oxygen followed by Bashing to 2200
K. Typical W:C and W:O Auger signal ratios after clean-
ing were 300:1. The alkali halide sources were quartz
crucibles filled with pieces of alkali halide single crystals.
Depositions were made in part cumulatively in sma11
doses, in part continuously up to the desired coverage.
Attempts to determine the coverage by AES combined
with LEED failed because LEED showed only diffuse
background, possibly due to disordering by the incident
beam but possibly also because the layers had no long-
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range order. Therefore the coverage was determined by
comparison of the alkali halide AES signals with those of
pure alkali and halogen layers. These were deposited
from SAES getter sources and electrochemical cells, re-
spectively, and were not inAuenced by the electron beam.
All of them except Na layers have characteristic LEED
patterns. Thus combined AES and LEED measure-
ments on these layers allowed us to calibrate the alkali
and halogen coverages. Using these calibrations for the
alkali halide layers implies that the different environment
in these layers as compared to the pure alkali and halo-
gen layers does not cause significant changes in the Auger
peak shape and the angular distribution. Another uncer-
tainty arises from the larger scatter of the AES data from
the alkali halide layers due to the low current density and
exposure which had to be used to minimize ESD during
the AES measurements.

The ESD measurements with the CMA —ion-energy
distributions and excitation functions —were made with a
defocused 1 —10 pA electron beam in normal incidence,
with 300 eV energy for the energy distributions and
0—150 eV for the excitation functions. The ESD mea-
surements with the mass spectrometer were made with a
300-eV, 1 —5-pA electron beam incident at 45' onto the
crystal which was biased +58 eV with respect to the
mass spectrometer. For all ESD measuremewts individu-
al doses were used. The absence of ESD from pure alkali
and halogen layers was verified by prolonged bombard-
ment with a 10-pA, 300-eV electron beam focused to a di-
ameter of about 25 pm and subsequent AES. The Auger
signal decrease after one hour bombardment was less
than 1 —10% in the various layers, which corresponds to
desorption cross sections of less than 10 —10 cm .

The AES measurements were made with a 2-pA, 2-keV
electron beam, using individual doses for each coverage.
In order to minimize the inhuence of ESD all Auger
peaks were recorded five times and their amplitudes ex-
trapolated to zero bombardment time. The alkali and
halogen layers could be measured cumulatively with a 5-
pA beam due to the absence of ESD. The following
Auger peaks were used for the various atoms: Na
ELz3L23 (990 eV), K L3M23Mz3 (252 eV), Cs
M5N4~N5 /M4N4~N5 (563 eV/575 eV), Cl L3Mq3M23
(181 eV), Br M3M~5N» (102 eV) and I M5N45N4~ (511
eV). The W N45N67N67 (163—179 eV) group was used as
a reference in order to allow quantitative comparisons of
the results obtained over an extended period. In the hP
measurements with the coaxial CMA gun the electron
beam energy was 15 eV, the saturation current of the
clean surface was 300 nA, and the sample was biased to a
constant current of 30 nA. The bias difference between
clean and adsorbate covered surface gives b,P with an ac-
curacy of +5 meV.

A. NaCl

Figure 1 shows the AES and b, P data for NaCl, the
most dificult of the materials studied because of the low
sensitivity of AES for Na. Combined with strong ESD,
this causes the large error bars seen in the figure. The de-
viation of the Na data from a straight line below about
100 doses is, however, reproducible. We start our
analysis at 200 doses where all curves show a change of
slope. Using the calibration on the left side and assuming
no attenuation we obtain 8.75X10' Cl atoms/cm while
the Na error bars allow values ranging from 6.8 X 10' to
7.9X10' Na atoms/cm . Such large atomic densities,
(15.55 —16.65)X10' atoms/cm, are not possible in a
NaC1 monolayer (ML). Therefore we attribute the slope
changes to the completion of a double layer. This re-
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yields, the ion-energy distribution, and the dependence of
the ion yields on bombardment time and layer composi-
tion will be illustrated only by examples. For each layer
material we first present the AES and AP data from
which we derive models of the growth and structure of
the layers. The results are plotted as a function of the
number of deposition doses in arbitrary units which are
identical in all figures for a given material. The AES sig-
nals are also plotted in arbitrary units which are identical
for a given alkali or halogen, irrespective of its partner in
the compound. These units can be compared directly
with the coverages deduced from combined AES and
LEED studies of the pure alkali or halogen layers. The
symbols nM, nX (n =0,4,5; M=Na, K,Cs; X=CI,Br,l)
on the left side of the AES signal plots give the number
density of the adsorbed M and X atoms in n X10'"
atoms/cm as obtained from the calibration with the pure
layers, assuming no attenuation by a second layer. The
Cl, Br, I, and Na AES signals do not go to zero at zero
dose because no background subtraction was made.

III. RESULTS
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Only part of the results can be presented here, mainly
the coverage dependence of the AES and b,P data, which
are essential for the understanding of the coverage depen-
dence of the ESD results, the main topic of this study.
The primary electron energy dependence of the ion

FIG. 1. Work-function change, Cl 181-eV and Na 990-eV
Auger electron signals as a function of NaCl exposure of
W(110). In this and the subsequent figures many data points
were omitted in regions of small point spacing for the sake of
clarity.
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quires correction for attenuation. 180-eV electrons are
typically attenuated by a factor ~ of about 0.6 by a mono-
layer on top of the emitter (inelastic mean free path
X=6.6 A, layer thickness 2.5 A). Thus the total Cl cov-
erage at 200 doses is Xc&=8.75X10' X2/(1+a)
= 10.95 X 10' atoms/cm . For Na the attenuation
P=(1+Ir)/2 could be obtained directly from the pure Na
layers which grow at least initially ML by ML. With the

P value 0.94 derived in this manner one obtains

NN, =(7.0—8.2) X 10' atoms/cm . This gives a

:Ng& ratio of 0.64—0.75 =2:3—3:4 for the double lay-

er, clearly not 1:1 as expected from the composition of
the vapor.

In order to understand this unexpected result we con-
sider first in more detail the Cl data. The slope changes
in Fig. 1 can be due to changes in sticking coefficient o;,
in AES angular distribution, in AES peak shape, or in
AES signal attenuation /3 caused by structural changes.
We assume here that only the first and last causes occur.
If X is the flux of the NaC1 molecules (in arbitrary units)
then the apparent numbers of Cl atoms adsorbed in the
three segments 0—28, 28 —80, 80—200 doses in Fig. 1 are
+cl 28&el+ 3 1 X 1014 +cl 52~el/lcl+ 1 QX 1014

and X&'=120a3'/33'N=4. 65 X 10' atoms /cm . Assum-

ing e I
'= 1 gives N =0. 111X 10' . With this value we ob-

tain az'Pz'=0. 174 and a3'P3'=0. 35 =2az'Pz'. With
P3'=(1+x. ')/2=0. 8 one obtains a3C'=0. 44. pz follows

from the condition that the sum of the attenuation-
corrected X, ' values, g3, N; '= g3, X, '/P, , must be
equal to Nc&. This gives /3z

' =0.49 and from this
az'=0. 36. Similarly, one obtains for the segments 0—28
and 100—200 doses N

&

' =28', 'N = 1.55 X 10' and

N3 ' =100a3'P3 'N=(3 —4.2) X 10' atoms/cm . A com-
parison of N &' and X, ' shows that at least up to about 30
doses the ratio of adsorbed Na:Cl is only 1:2, while be-
tween 100 and 200 doses the apparent numbers (un-
corrected for attenuation) are the same within the large
limits of error: N3

' = ( 100/120)N3'. This means
a3'P3'=a3'Pz'=0. 35 or a3'=0. 37 with /33~'=0. 94. In
the transition region (28 —100 doses) it is difficult to
separate sticking and restructuring eff'ects and no attempt
will be made to do so.

Important additional information is provided by the
b, P results whose most striking aspect is the rapid de-

crease at very low coverages and its sudden transition at
ten doses to a much smaller change. Assuming constant
sticking up to 28 doses this transition occurs at a cover-
age of 0.55X10' Na and 1.1X10' (Cl atoms)/cm . If
all atoms were separate and had the same dipole moment
as in the pure Na and Cl layers at the same coverages, a
b,P of —1.10 eV would be expected. The observed
change hP= —1.4 eV is much larger, which can only be
explained if the Na and Cl atoms form dipoles which are
not parallel to the surface. There are two possibilities: (i)

the layer consists of 0.55 X 10' (NaC1 molecules)/cm
and an equal number of Cl atoms or (ii) the layer consists
of 0.55X10' (NaC12 molecules)/cm . This molecule of
course does not exist in the gas phase but the ionic mole-
cule NaC12 is found in the secondary ion (SI) spectrum
of NaCl layers. In order to have a significant positive
dipole moment in the adsorbed state, this molecule can-

not be linear but must be bent with the Cl pointing to-
wards the substrate. The normal component p~ of the di-

pole moment of the NaC12 molecules must account for a
b,P= —1.40 eV, that of the NaC1 molecules only for
b,P= —1.32 eV because the remaining Cl atoms contrib-
ute bP= —0.08 eV. From the relation b,P= 4—vixen we

NaC12
obtain p~ '=6.75 debye (D) and pz' '=6.4 D which
can be compared with the dipole moment of the free mol-

NaCI~
ecule, p '=13.9 D. ' The much smaller value ofp~' '

can have several causes: reduction of the charge on the Cl
by bonding to the substrate, tilt, and/or hindered rota-
tion of the molecule. The sudden slower linear b, P de-
crease from ten to 28 doses requires a sudden transition
to a much smaller dipole moment. We attribute this
linear region to the formation and growth of monolayer
NaC12 islands. The subsequent linear regions coincide
well with the corresponding segments of the Cl AES
curves.

The combination of all these results leads to the follow-

ing model of the growth and structure of the layer. Upon
adsorption partial loss of Na occurs, initially of 50% Na.
The Cl atoms left behind form together with the surviv-

ing NaCl molecules a two-dimensional (2D) gas with the
NaC1 or NaClz dipoles normal or, at least, nonparallel to
the surface, with Na pointing outward. At a critical cov-
erage (ten NaCl doses) these dipoles Ihp over parallel to
the surface and form with the Cl atoms 2D NaC12 is-

lands. These islands become unstable at another critical
coverage (30 doses) and rearrange into double layer is-
lands. This process extends up to 80 doses, and causes
little b, P change and a much smaller growth rate of the
AES signals, which is partially also due to a decrease of
the Cl sticking coefficient. The completion of this rear-
rangement is followed by lateral growth until completion
of the double layer, with comparable —within the limits
of error of the Na coverage determination possibly
identical —sticking coefficients for Na and Cl. The cov-
erage dependence of the sticking coefficients causes a
transition from the composition NaC12 in the ML islands
to the composition Na2C13 or Na3CI~ at 2 ML (200 doses).
Whether NaC1 deposited in excess of 2 ML grows ML by
ML on this transition layer or as Hat 3D crystals cannot
be decided with certainty because of the limited number
of AES data beyond 2 ML.

With this information at hand the coverage depen-

dence of the ESD signals can be presented and analyzed.
Figure 2 shows the Na+ and Cl+ ESD signals as ob-

served with the mass spectrometer (23 and 35 amu). The
energies are the peak energies in the energy distributions
measured with the CMA. CMA and mass spectrometer
signals were correlated via their dependence upon NaC1

exposure and bombardment time. Up to ten doses, i.e., in

the 2D molecular phase, no Cl+ is observed but a strong,
sharply peaked Na+ signal which disappears again short-

ly above ten doses. The exposure dependence of this ini-

tial alkali-ion ESD signal will be analyzed later in con-

junction with the K+ signal from KI layers. With the
onset of condensation at ten doses a new Na signal de-

velops which rises linearly up to 33 doses. The superposi-
tion of the decreasing Na+ signal from the 2D gas phase
and of the increasing Na+ signal from the 2D condensate
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B. KCl

The AES data of KC1 (Fig. 6) are apparently quite
different from those of NaC1 (Fig. 1): the AES signal has
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FIG. 5. ESD excitation functions of 1.0-eV Cl+ ions from
NaCl and of 3.2-eV K+ ions from KBr layers on W(110). The
vertical arrows indicate the various core-level ionization ener-
gies.

initially buried in the high-energy side of the 2.1-eV Cl
peak which decreases rapidly with bombardment time
while the Na grows rapidly (1~2) and then decreases
slowly (2~7). It should be remembered that the ESD
ion signals shown in Figs. 2 and 3 are the values extrapo-
lated to zero bombardment time. Figure 4 illustrates the
importance of this extrapolation for the study of the vir-
gin state of the layers.

The dependence of the ESD ion yields on the energy of
the electron beam is shown in Fig. 5 for the 1.0-eV Cl+
signal. Within the limits of error the threshold is at the
ionization energy of the Cl 3s level. An additional yield
increase is indicated at the Na 2p ionization energy. The
threshold for the 2.1-eV Cl+ and the 2.8-eV Na+ signals
(not shown) is also at the Cl 3s ionization energy but no
additional increase is seen at the Na 2p level and the sig-
nals continue to rise above 50 eV. These results clearly
show that ESD ion emission is a consequence of inner
shell ionization, the prerequisite of an Auger process,
which produces the electronic excitation energy neces-
sary for ion emission. Apparently Cl+ emission from the
initial condensate (NaClz ML islands) is not only caused
by an intra-atomic Auger process but also by an intera-
tomic Auger transition (Na 2p threshold) which is
ineffective in thicker layers. Na+ emission is caused by
an interatomic Auger transition (Cl 3s threshold, no
effect of Na 2p threshold), at least in the energy range
studied (E ~70 eV). No excitation function was mea-
sured for the Na+ signal from the 2D gas but it appears
likely that it is also caused by an interatomic Auger tran-
sition involving the 3s hole in a Cl atom below the Na
atom. An alternative explanation of the increase of the
ESD ion yields above inner shell excitation thresholds is
an increase in the emission of secondary electrons which
could increase ionization of ESD neutrals. Arguments
which speak against this mechanism will be given in the
discussion.
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FIG. 6. Work-function change, Cl 181-eV and K 252-eV
Auger electron signals as a function of KCl exposure.

three linear segments with m on otonically decreasing
slope. The bP data, however, are quite similar. The first
slope changes of the AES signals at 100 KC1 doses occur
at coverages of 2.25 X 10' (K atoms)/cm and 4.6X10'
(Cl atoms)/cm, which gives a K:Cl ratio of = 1:2 for this
layer, that is the same composition as that of the NaC1
ML islands. The transition to the double layer, however,
takes place at a much larger coverage, 6.85 X 10'
atoms/cm, compared to 4. 65X10' atoms/cm in NaC1
layers and involves no initial reorganization of the first
layer. This follows from the constant AES slope all the
way up to the completion of the double layer at about 250
doses. If the sticking coefficients for K and Cl were con-
stant from 0 to 250 doses one would expect 5.6 X 10' (K
atoms)/cm and 11.5 X 10' (Cl atoms)/cm at 250 doses.
With i~ values of 0.6 for Cl (181 eV) and 0.7 for K (252
eV) Auger electrons one obtains from the AES signals at
250 doses 5;4X10' (K atoms)/cm and 8.8X10' (Cl
atoms)/cm . The value for K agrees within the limits of
error with the expected value but for Cl the sticking
probability in the second layer is apparently only about
(8.8 —4.6)/(11.5 —4.6)=0.6 of that in the first layer. This
lead to an average composition K&C15 of the double layer.
If no additional K is incorporated into the first (KClz)
layer then the second layer has the composition K&C14.
Thus, similar to NaC1, KC1 also forms on W(110) an
alkali-deficient transition double layer. The slope of the
third AES signal segment is so large that formation of 3D
KC1 crystals can be excluded. Whether or not the third
layer is also still K deficient cannot be deduced from the
available data.

From the b,P data again a very large dipole moment of
the species adsorbed up to about 30 doses may be de-
duced. For constant sticking coefficients up to 100
doses 0.68 X 10' (K atoms)/cm and 1.38 X 10' (Cl
atoms)/cm are adsorbed at 30 doses. Assuming that
they have the same dipole moments as in the pure K and
Cl layers at this coverage the expected b P is —(1.5+0.2)
eV which is less than the observed value of 1.8 eV. This
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leads to the same conclusion as in the case of NaCl: ini-
tially a molecular gas phase with a strong normal
component of the dipole moment, here p '=6. 5 D

&el,(@=18.4 D for the free KC1 molecule) or pj '=6.9 D,
forms which is stable up to a somewhat larger coverage
than in NaC1 layers, =0.7X 10' (KClz molecules)/cm
(30 doses) versus 0. 55 X 10' (NaC12 molecules)/cm, or
the corresponding NaCI (KCl) and Cl coverages. Above
this coverage the dipoles Hip over to become parallel to
the surface, forming 2D KC12 islands until the first mono-
layer with the composition KC12 and total atomic density
6.85 X 10' /cm is completed. This is followed by the for-
mation of a second layer with a total double layer cover-
age of 14.2X10' atoms/cm and average composition
K3C15, possibly with KC12 in the first and K3C14 in the
second layer. The third layer grows also by the ML-by-
ML mode.

The exposure dependence of the KC1 ESD ion yields
(Fig. 7) can be analyzed now. The alkali-ion peak at very
small exposures is missing, probably not because it does
not exist but rather because insufficient data were taken
in this exposure range of KC1 layers which were the first
to be studied. The K+ secondary ion yield shows a clear
local maximum in this exposure range in accordance
with NaC1, KBr, and KI which all produce a strong Na+
or K+ ESD signal at low exposures. The Cl+ signal ap-
pears at about 30 doses, that is with the onset of 2D KC12
layer formation, and rises linearly until completion of this
layer at 100 doses. With the start of the second layer a
second Cl+ peak forms which can be distinguished from
the first peak by its different energy distribution max-
imum (2.2 eV versus 1.5 eV). The superposition of the
two peaks in the mass spectrometer, which is schemati-
cally indicated in Fig. 7, leads to an only poorly pro-
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nounced minimum. The K+ ESD signal appears at the
beginning of the second monolayer. Similar to Na+ from
NaCl layers, the K+ ions have a large energy, with the
peak of the energy distribution at 3.0 eV.

The thresholds for the 2.2-eV Cl+ and the 3.0-eV K+
ESD are at about 18 eV. The Cl 3s and K 3p ionization
energies are 17.5 and 17.8 eV, respectively, so that no de-
cision can be made which of the primary holes (Cl 3s or
K 3p) is responsible for the Auger process leading to ion
emission. Although the 3.0-eV K+ signal increases more
rapidly above the K 3s ionization energy (33.9 eV), no
clear threshold behavior is seen at this energy. In analo-
gy with NaCl, it appears reasonable to assume the pri-
mary hole for both 2.2-eV Cl+ and 3.0-eV K+ emission
in the Cl 3s level and no significant contribution from
holes in the K 3s level.

The infiuence of the bombardment time on the ESD
yields is shown in Fig. 8 for two exposures, 90 doses [= 1

ML (a)] and 400 doses (b). The K and Cl AES signal
changes accompanying the ESD yield change are a1so
plotted for the 90-dose exposure. The bombardment time
has been scaled appropriately to account for the
difference in energy and current density between AES
and ESD measurements. The K(251 eV) AES signal is
unaffected by the bombardment while the Cl(181 eV)
AES signal decreases nearly exponentially to 66 arbitrary
units, the value at which Cl+ ESD sets in (at 30 doses)
with increasing deposition time. Thus Cl is not desorbed
completely. The final composition of the layer is
stoichiometric KCl and the total atomic density
4.0X 10' atoms/cm . Interestingly, the Cl+ ESD signal
decreases initially only slowly in spite of the rapid de-
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FIG. 7. ESD signals from KC1 layers on W(110) as a function
of KC1 exposure. The dashed lines indicate the probable sepa-
ration of the Cl+ signal into the two Cl+ states which, however,
was not studied in detail.

FIG. 8. Dependence of the ESD signals upon bombardment
time for (a) a monolayer and (b) a thick layer. In (a) also the
bombardment time dependence of the Cl and K Auger electron
signals is shown which was scaled in time to account for the
different ESD rates due to differences in energy and current be-
tween ESD and AES measurements.
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crease of the Cl coverage while its final rapid decrease to
zero is accompanied by an only small coverage change.
Normalized to the still present Cl coverage the Cl+ ESD
yield increases with decreasing Cl coverage to a max-
imum at 2. 25 X 10' (Cl atoms)/cm ( =K9CI&o) and drops
then precipitously to zero at 2.0X10' (Cl atoms)/cm
(NaC1). Obviously small deviations from stoichiometry
can cause strong ESD of ions. The inhuence of bombard-
ment time on ion ESD at 400 NaC1 doses shows the typi-
cal behavior observed in all alkali halides at higher cover-
ages: initially Cl+ ESD dominates but decreases rapidly
to a lower ESD yield range. The decrease of the Cl+ sig-
nal is followed by a rapid increase of the K+ signal which
dominates temporarily the Cl+ signal but decreases sub-
sequently more rapidly. Figure 8(b) is a good illustration
of the importance of small electron dose and of extrapola-
tion to zero bombardment time.

C. KBr

KBr was studied only in the monolayer and double lay-
er range (Fig. 9). Both K and Br AES signals increase
linearly up to 100 doses at which the K signal gives
3.65 X 10' (K atoms)/cm, the Br signal 3.75 X 10' (Br
atoms)/cm, that is, stoichiometric KBr within the limits
of error, with a total atomic density of 7.4 X 10'
atoms/cm . The AES slopes beyond 1 ML show the for-
mation of a second layer. The decrease of b, P at 185
doses suggests the beginning of the third layer or the nu-
cleation of 3D crystals before completion of the double
layer with twice the atomic density of the monolayer.
The initial rapid linear change up to 20 doses
="0.78 X 10' atoms/cm for K and Br each can in princi-
ple again be attributed to upright or inclined KBr dipoles
but the b,P arguments are less compelling than in NaCl
and KC1 layers. The b.P change expected from atoms in
pure layers with the same coverage is —1.63 eV for the
K and —0.32 eV for the Br atoms. This gives —1.95 eV
for the KBr layer at 20 doses which is larger than the ob-
served value of —1.73 eV. Thus an explanation in terms
of a K+Br atomic gas is possible, even allowing for some

5 K
A Br
100

depolarization. The ESD results to be discussed below,
however, show a very pronounced K+ ESD peak at low
coverages which by analogy to NaC1 and KC1 is attribut-
ed to emission from KBr„molecules (here n =1). In or-
der to account for the observed b,P= —1.73 eV at a den-
sity of 0.78X10' (KBr molecules)/cm, their p~

' must
be 5.9 D (p =26. 1 D for the free KBr molecule).

The condensation into 2D KBr islands is not well
defined in the curve but can be deduced by analogy with
NaC1 (Fig. 2) from the ESD yield curves as a function of
exposure (Fig. 10): the K+ signal from the KBr gas disap-
pears at about 30 doses and simultaneously a Br+ and a
weak K+ signal appear, indicating island formation. The
threshold for both K+ and Br+ ESD at higher coverages
with energy distribution maxima at 3.2 and 2.4 eV, re-
spectively, is 18 eV, that is, at the K 3p ionization energy
(17.8 eV). No Br core level is involved up to the highest
energy used (55 eV) but at the K 3s level a thresholdlike
behavior is seen, at least in the K+ yield (see Fig. 5).

In KC1 layers the Cl+ yield went to zero when the
monolayer composition changed from KClz to KC1 with
increasing bombardment time. Inasmuch as KBr grows
stoichiometrically from the very beginning the much
lower Cl+ yield in the KBr monolayer may be a conse-
quence of the stoichiometry. Therefore the composition
was changed artificially by first depositing selected
amounts of pure Br and subsequently adding sufficient K
to complete the monolayer (total atomic density
7. 5 X 10' atoms/cm ). Figure 11 shows the result of the
K+ and Br+ yields, normalized to the respective K and
Br coverages. Both have maxima for the composition
K7Br~, Br+ has a second maximum for the composition
KBr4 with comparable yield, and K+ has a strong max-
imum at low K coverages, 1S times stronger than the
K7Br5 K+ maximum. Thus small deviations from 1:1
stoichiometry (K78r5, K9CI&0) or a large excess of Cl are
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E. CsI

CsI initially forms a monolayer, followed by 3D
growth, similar to KI. This is seen in Fig. 15. The
monolayer is, however, not stoichiometric CsI but con-
tains 3.8 X 10' (Cs atoms)/cm and 3.0 X 10' (I
atoms)/cm, which gives within the limits of error the
composition Cssl4. b,g(0) has a well-pronounced
minimum at 44 doses (8=0.44). The saturation at 1 ML
is a clear sign that the subsequent growth is three dimen-
sional. The initial decrease can be approximated by two
straight lines corresponding to two average dipole mo-
ments of the adsorbate with a transition between 0.1 and
0.2 ML. The linear region ends at 33 doses ( —,

' ML) with
a b P of —2. 56 eV. If the adsorbate consisted of Cs and I
atoms the b,P data from the pure Cs and I layers would

25
5I

which is also seen in H+ ESD from W(110)+Cs (Ref. 11)
and even better in the secondary ion yields from alkali
layers on W(110). In SI emission the ion creation pro-
cess is not a bottleneck as it is in ESD so that the destruc-
tion process determines the ion yield.

give b P = —( 3.24+ 0.4)= —3.66 eV if depolarization is
neglected. Thus a 2D Cs+I atomic gas with strong
depolarization is possible. No reliable information on
possible Cs+ ESD at low coverages is available because of
an insufficient number of experimental points. The Cs+
SI yield does not show the local maximum seen in the
other halide layers for which M+ ESD has been ob-
served at low coverages. Therefore we conclude that no
upright or tilted CsI molecules exist below —,

' ML.
Whether the 2D gas consists of Cs and I atoms or CsI
molecules with the molecular axis parallel to the surface
cannot be decided.

Similar to the other halides, X+ ESD (Fig. 16) starts
upon condensation at —,

' ML, reaches a maximum at 0.6
ML, and decreases to nearly zero at 1 ML. In the 3D
growth region it increases very rapidly with coverage.
No Cs+ ESD could be detected in the monolayer range.
In the initial phase of 3D growth the Cs+ signal increases
only slowly up to an average thickness of about 3 ML.
Thereafter it rises very rapidly and even surpasses the I+
signal. The threshold and energy distributions were mea-
sured only at large exposures ( ~ 500 doses). In particu-
lar, the 3.5-eV Cs+ signal appears first at about 50 eV,
that is, at the I 4d ionization energy (49.6 eV) and in-
creases much faster above the Cs 4d ionization energy
(78.8 eV). At the largest exposure studied (875 doses) the
2.4-eV I+ signal is only a small shoulder of the much
stronger 3.5-eV Cs+ signal (I+:Cs+=1:50). After short
bombardment the 3.5-eV peak shifts to 4.0 eV and de-
creases at this energy rapidly with increasing electron
dose.

IV. DISCUSSION

The results presented in Sec. III reveal a great com-
plexity of the ESD process of ions from alkali halide lay-
ers on W(110). This complexity is not so much caused by
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the excitation process, which undoubtedly requires core
level ionization. This is followed by intra-atomic or in-
teratomic Auger deexcitation (Knotek-Feibelman mecha-
nism) and creation of slow secondary electrons. It is
rather a consequence of the inAuence of structure and
composition on the possibility of excitation (interatomic
transitions), on the localization of the excitation (atomic
environment, long-range order, dimensionality, crystal
size and shape, etc.), and on the survival probability of
the ion (P-, m-, and v-dependent neutralization probabili-
ty).

We start with a discussion of the excitation process.
Only for NaC1 was an excitation curve for X+ ESD from
the transition layer (NaCI~ monolayer) measured, all oth-
er curves were from thicker layers which are believed to
be stoichiometric. In all cases, CsI excepted, the thresh-
old for both M+ and X+ ESD was 17—18 eV. In NaC1
Cl 3s ionization (E, =17.5 eV) creates the primary hole,
in KBr and KI K 3p ionization (E; = 17.8 eV), and in
KC1 both processes may be involved. In KI a weak con-
tribution from I Ss ionization (E, =13.6 e.V) cannot be
excluded, but in CsI no evidence of this process is seen;
rather, I 4d ionization (49.6 eV) determines the threshold.
Several secondary thresholds are indicated such as Na 2p
ionization (E, =31.1 e. V) in the 1.0-eV Cl+ ESD from the
NaClz monolayer, K 3s ionization (E, =33.9 eV) in K+
ESD from thick KBr and in I+ ESD from thick KI lay-
ers, and Cs 4d ionization (E, =78.8 eV) in Cs+ ESD from
CsI, but no systematic trend in the appearance of the
secondary threshold is discernible. It appears that an en-
ergy of more than 23 eV must be available for ion ESD
from CsI because holes with smaller ionization energies,
e.g., Cs Sp (E, =13.1 eV), Cs S. s (E; =22.7 eV), and I Ss
(E;=13.6 eV) have no significant effect. In the other,
lighter halides 17 eV seem to be sufficient.

These observations immediately shed light on the ESD
ion creation mechanism. If it were due to ionization of
hyperthermal ESD neutrals, an increase in ESD ion yield
should occur at all core levels thresholds because of the
increase of secondary electron generation above them
This is not observed. The dependence of Auger processes
upon the combination of the electronic states involved
can, however, easily explain the absence of ESD ion yield
increases at specific core-level thresholds. A second argu-
rnent against ionization of hyperthermal neutrals by
secondary electrons will be given later.

Interatomic Auger transitions are the rule rather than
the exception, e.g., for Na+ from NaC1, Br+ from KBr,
I+ from KI, or Cs+ from CsI. The close neighborhood
to the ion with the primary hole is always given in thick
layers and in the condensed submonolayers and is, there-
fore, no bottleneck, but in the 2D gas phase the number
of nearest neighbors is limited. Although no excitation
functions for the 2D gas are available it appears reason-
able to invoke interatomic Auger transitions also in this
case whenever necessary for ESD.

The absence of X+ ESD in this coverage region is easi-
ly explained by the model of upright or tilted MXz or MX
molecules, with X providing the bonding to the substrate.
An Auger process in the X atom can produce the neces-
sary repulsive potential for M+ ejection but not vice ver-

sa. Of the two models in the NaC1 and KC1 2D gas
phase, MXz and MX+X, we prefer the former for the
following reasons: (i) the deposition temperature was al-
ways below the onset temperature of surface ionization, '

(ii) even if surface ionization should occur it is difficult to
understand why in all experiments with NaC1 and KC1
the composition 1:2 should always result, and (iii) the
condensed 2D phase has the same composition. Many
rnolecules lose part of their constituents upon chemisorp-
tion because of strong rearrangements caused by the
bonding to the substrate. Thus the formation of an MXz
transition layer during chemisorption of MX molecules is
not surprising. Whether or not this is a specific feature of
MC1 adsorption can only be decided by studies of other
M and X species. Here it was only observed for NaC1 and
KC1.

The conclusion from this study that the MXz and MX
molecules are not parallel to the surface is also not
unusual. There are numerous molecules, foremost CO,
which are adsorbed upright or tilted. New are the large
dipole moments which are possible in such layers, 6.75,
6.9, 5.9, and 6.05 D for NaClz, KClz, KBr, and KI, re-
spectively. It is probably the large electrostatic energy of
this dipole layer which causes the sudden Hip-over of the
molecules parallel to the surface and their rearrangement
into a 2D condensate. The low dimensionality and the
poor order in this condensate ensure poor delocalization
of ion EDS-active excitations. Although no structural in-
formation is available, it can be assumed that each X
atom in the MXz layer is surrounded by three M atoms
which are surrounded by six X atoms on the average.
Both M and X atoms lower P so that the picture of an
ionic layer with alternating positive and negative charges
is not appropriate. The X atoms are covalently bonded to
the substrate and may be considered to have zero charge.
In an Auger process the X atom becomes doubly charged
X++ ion which is in a strongly repulsive neighborhood.
The lattice relaxation which suppresses X+ emission in
bulk alkali halides is unlikely here because of the rigid
W lattice and the strong bonding of the surrounding
atoms to the substrate. Large X+ ESD yields can, there-
fore, be expected in the monolayer range as seen in the
NaClz layer.

The strong composition dependence of the yields as
seen in the increase from KClz to K~Cl, o and the rapid
decrease towards KC1 during Cl+ ESD from the KClz
monolayer or in the sharp K+ and Br+ yield maxima at
the composition K~Br5 in mixed K-Br monolayers (Fig.
11) cannot so easily be attributed to a favorable repulsive
potential configuration of the emission site of the ion.
More probably it is caused by better localization- of the-
excitation due to chemical disorder. The strong continu-
ous increase of the K+ yield with decreasing K concen-
tration in K-Br rnonolayers from very small values for
KBr to a maximum and the subsequent rapid decrease
(Fig. 11) has a different cause which can be understood
best if one follows the K+ yield curve in the opposite
direction, i.e., in the direction of increasing K concentra-
tion and decreasing P. Then the K+ and b,P curves look
very similar to those shown in Fig. 14(a) and the K+
yield dependence may be analyzed in the same manner: if
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the logarithm of the K+ yield divided by the K concen-
tration is plotted as a function of b,P a curve similar to
that in Fig. 14(b) is obtained. This implies that the de-
crease of the K+ yield with increasing K concentration
above the maximum is caused by resonance neutraliza-
tion of the ion after emission and not by some aspect of
ion creation. Inasmuch as the K+ yield plotted in Fig. 11
was already the yield per atom, dividing once more by
the K concentration means that the K+ yield/(K atom) is
proportional to the number of K atoms. Thus the K+
yield increases with increasing number of K neighbors,
i.e., with increasingly repulsive environment as one would
expect. The observed decrease with increasing K concen-
tration is solely caused by postemission neutralization
which increases strongly with decreasing work function.

There are many other details in the low-coverage range
worthy of discussion but we will now conclude this sec-
tion with the main problem which motivated this study,
ESD of ions from bulk ionic crystals. Of course even the
thickest layers studied, 20 ML for NaC1 and 2 —5 ML for
the other alkali halides, are still far from the bulk. In all
cases we went past the initial transition layer but the ma-
terial in excess of it was poorly ordered and the 3D crys-
tals were certainly very small. Nevertheless, a substrate
inhuence should have been absent in the thickest layers
and they should have been stoichiometric. In all these
layers strong ESD of energetic ions was observed, with
the general tendency of increasing ion energy and de-
creasing ion yield with increasing mass. This is what one
would expect if the yield is strongly influenced by post-
emission neutralization because with increasing mass the
velocity decreases for a given energy —and thus the neu-
tralization probability increases —and for larger mass the
energy must be larger so that the necessary escape veloci-
ty is available. There are some deviations from this gen-
eral trend whose understanding requires detailed addi-
tional studies.

The observed ESD of ions from thick layers is in ap-
parent disagreement with the theoretical predictions that
ionic desorption from rocksalt-type crystals is very un-
likely because of lattice relaxation. Postemission ion-
ization of neutrals by secondary electrons which has been
invoked to explain the measurable ion yield from bulk
crystals can be excluded to make a significant contribu-
tion in our case because some of the strongest ESD sig-
nals such as the Na+ signal from NaC1 (Fig. 3), the Br+
signal in KBr (Fig. 10), and the I+ signal in KI (Fig. 13)
appear only upon ionization of a core level in the corre-
sponding neighbor atom (Cl and K, respectively). The
concentration of molecules in the gas phase is too small
to be able to account for this process after neutral mole-
cule emission. The disagreement with theory could be
only an apparent one. First of all, our films have many
atoms in ledge and other poorly coordinated positions in
contrast to the atoms in the (100) surface treated in the
theory. Secondly, several mechanisms, though rare, al-
low ion emission also within the framework of the molec-
ular dynamics calculations, and thirdly these calculations
do not fully take into account all aspects of the ESD pro-
cess but concentrate on the dynamics of the ion or atom.
Another approach which emphasizes the electronic as-

pects of the process predicts emission of energetic ions
from small clusters simulating (100) surfaces. '

Our results leave no doubt that direct ion ESD from al-
kali halides is possible without postionization of neutrals.
Neutral emission via excitation processes in the bulk and
various transport processes to the surface, such as "hot
valence hole" diffusion' could not be observed in thin
films anyway. ' In view of our results it appears certain
that the Na+ ESD from bulk NaC1 crystals above the Cl
3s threshold, which was observed at 200 C after preirra-
diation with faster electrons is of the same nature as ob-
served here in thick films and was not produced by post-
ionization of emitted neutrals as suggested in more recent
work.

The question remains: why is ESD of ions from bulk al-
kali halides so elusive? There are some obvious experi-
mental reasons such as alkali accumulation on the surface
if the temperature is too low for thermal alkali desorp-
tion. This alkali layer suppresses ion emission by efficient
neutralization due to its low work function. A second ex-
perimental problem is surface charging of the insulating
bulk alkali halide crystals. However, there is also a possi-
ble fundamental cause for the dominance of neutrals in
the nonthermal component of the emission: neutraliza-
tion. The results for Cl+ ESD from the NaC1 monolayer
and of K+ ESD from KBr monolayers clearly indicate
the importance of postemission neutralization. Alkali
halides have a large secondary electron (SE) yield. The
SE distribution of alkali halides peaks at about 1 eV (Ref.
17) so that a significant fraction of the SE's is unable to
ionize neutrals but able to neutralize ions. Ionization of
halogen atoms is negligible up to electron energies of 10
eV and more' while neutralization by electron capture is
quite efficient in the 1-eV range. The published data for
KC1 actually tell us that the vast majority of SE's have
energies below 10 eV: 90%%ug of them have energies below
6 eV, ' the half-width of the energy distribution is 4 eV
(3.5 eV) with the maximum at 1 eV (1.4 eV). ' ' SE ener-

gy distributions with negligible emission above 6 eV have
also been reported for soft x-ray-induced SE emission
form all the alkali halides discussed here. ' Recent mea-
surements confirm these results also for SE induced by
electrons in the 100-eV range. For example, in KC1 less
than 2% of the SE's have energies above the ionization
threshold of Cl. Thus neutralization is expected to dom-
inate ionization. Accordingly the experiments in which
ESD ion emission of Na+, Cl+, and of molecular ions
from a bulk NaC1 crystal was attributed to ionization of
emitted neutrals by SE's could also be construed as evi-
dence for efficient neutralization of ESD ions by slow
SE's producing an abundance of neutrals. Even--ne- a+ive-
ESD ion formation can be explained in this manner by
electron attachment. Similarly, the recently reported
nonthermal halogen atom ESD along the ( 100) direction
of KCl and KBr crystals which lead to the "hot valence
hole" model of neutral atom ESD (Ref. 15) can be attri-
buted to neutralization of ESD ions by slow SE's. The
lower energies of these atoms compared to those found
here in the thick KC1 and KBr layers is not surprising in
view of the different measurement techniques involving
possibly zero-energy differences. Also the non-normal
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emission from I 110I surfaces is not in contradiction to
the neutralization hypothesis because these surfaces facet
into t 100] surfaces upon hating to 700 K. Ion emission
normal to these surfaces followed by neutralization leads
to the observed emission at 45 ' with respect to the I 110I
surface normal.

V. SUMMARY

The study of the electron-stimulated desorption of ions
from thin alkali halide layers on W(110) and the support-
ing AES and b,P studies for the characterization of these
layers have uncovered a wide range of physical phenome-
na involving not only electronic excitations in ionic solids
and their conversion into ionic energy but also the
growth of thin ionic layers on metal surfaces. A molecu-

lar gas phase has been found to precede the formation of
a 2D condensed layer which is followed by a second
(KC1, KBr) or more layers (NaC1) or 3D crystals (KI,
CsI). The first two layers of NaC1 and KCl contain an
excess of Cl, the first CsI layer an excess of Cs.
Electron-stimulated desorption of ions from these layers
occurs via the Knotek-Feibelman mechanism and is
strongly structure and composition dependent. A de-
tailed analysis of the dependence of the ion yields on
structure and composition of the layers allows a partial
disentanglement of the various factors which determine
ion emission after electronic excitation, that is, excitation
localization, repulsive potential formation, and neutral-
ization. Neutralization is seen to play an important role
and should be taken into account in modeling the emis-
sion of fast neutrals from bulk alkali halides.
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