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Field stimulated surface diffusion of lithium on atomically clean (100)
and (111) germanium single crystal planes has been investigated by means
of field emission method. Sealed-off field emission tube with a channel mul-
tiplier was used. The surface density of lithium adatoms on the germanium
surface was determined applying a standard tungsten (112) crystal plane.
The dependences of the surface diffusion activation energy on the applied
electric field at different lithium coverages have been obtained. The initial
dipole moment of Li adatoms on the Ge (100) and (111) planes was then
determined. The values 1.3 4 0.2 and 1.0 0.2 debye obtained for the Li-Ge
(100) and Li-Ge (111) systems respectively are in good agreement with the
ones calculated from the work function measurements. The reverse effect of
the field influence on the surface diffusion of lithium on Ge (100) and (111)
planes has been observed as the second lithium layer is filling. Relative contri-
butions of the peculiarities of semiconductor substrate and alkali adsorbate
on the properties of adsystems are discussed on the basis of experimental
results. '

PACS numbers: 79.70.4-q, 68.35.I'x

¢ : 1. Introduction

The small size of lithium adatoms and resulted high sensitivity to the po-
tential relief and electron structure of substrate stimulate the attempts to apply
this adsorbate as a “probe” to investigate peculiarities of alkali interaction on solid
surfaces. Such an idea turns to be very effective for the case of metal surfaces: The
experiments on the lithium adsorption on the rough W (112) [1] and Mo (112)
[2] planes have permitted to discover the presence of indirect adatoms interac-
tion through the electron subsystem of the metal substrate. From the studies of
the lithium adlayers structure on the Re (1010) and Re (1010) surface regions,
which differ by the detailed atomic structure due to the second layer, the rela-
tive values of the contributions from different types of adatoms interaction were
estimated [3].
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In spite of recent important results [4, 5] for the case of semiconductor sur-.
faces, the thorough understanding of both adatom-adatom and adatom-substrate
interactions, at the same level as for metal substrate, has not been achieved yet.

In order to provide progress in this area and to improve the theory the
experimental investigation of adsystem on semiconductor surface, in particular,
for. very low coverages and “résponses” of such systems on the external factors
are essentially desirable. The studies of the external electric field influence on the
behaviour of the adsorbed particles on the metal surface have shown that such
factor can be helpful to understand the adsorption phenomena [6-13].

The direct FIM observations of the single adatom behaviour in the external
field [8] are effective in this sense. However, the “invisibility” of the alkalis within
FIM, caused by the unfortunate relationship of the image and desorbing fields
restricts these studies by the influence of the non uniform external field on the
eqgilibrium distribution of the adsorbate on the tip [9-11] and field stimulated
surface diffusion (FSSD) [12-13].

First attempts to inspect the external field influence on the surface diffusion
(SD) of the alkalis (K, Na [14, 15]) on germanium (100) and (111) have elucidated
perspective features of this kind of experiments for the semiconductor surfaces.
Therefore we intend to consider in this paper the field stimulated surface diffusion
of the lithium on the Ge (100) and (111) planes.

2. Experimental

The experiments wete carried out using a sealed-off glass field emission tube
equipped with an adsorbate flux calibrating device analogous to that used by us
previously [14, 15]. ’

This tube and associated clectronics which are schematically similar to that
used by Todd and Rhodin [16] were designed to allow for the field emission, work
function, field desorption and surface diffusion measurements due to channeltron-

_-assisted registration of the emission current from the small region of the single
plane of the tip.

A low-resistance germanium crystal tip was chosen as the substrate. Its atom-
ically clean surface was achieved by glow discharge of argon [17] with subsequent
vacuum field evaporation [18]. Cleaned in such a way the surface is especially
suitable for the case of diffusion measurements, since the field evaporation makes
possible to obtain a smooth surface cleaned from steps, kinks and other irregular-
ities which influence essentially the surface diffusion process.

This surface cleaning method well-tested from the metal surface [16, 19]
allows to achieve in the semiconductor case also a near perfect condition of the
surface [20] providing the diffusion investigations [21]. The lithium source, similar
to that used in studies [1-3], has been applied. The determining of the surface
density of lithium adatoms on the surface under consideration has been provided
by the use of adsorbate atoms flux calibrating device based on the insertion of a
standard crystal plate into the adsorbate flux. The description of this device and
surface density determining procedure has been presented by us previously [14].

In this case the (112) tungsten crystal plane as a standard substrate and
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work function dependence versus lithium surface density from the Ref. [1] as a
standard data have been chosen to lithium flux calibration.

The work function changes due to adsorption were determined from the
slopes of Fowler~Nordheim plots, which correspond to the chosen region of the
germanium single plane. The diffusion of adatoms was controlled by the photo-
electric method [12] which was modified by usage. of the double flexible glassfiber.

The SD activation energy was calculated from the slopes of Arrhenius plots.

3. Results

The main aim of our measurements in this work was to obtain dependences
of the surface diffusion activation energy Qq as a function of applied electric field
F at different surface densities N, of the adsorbate. '

Since it is convenient to determine the absolute surface density N, from the
work function dependences on N, therefore the work function changes A® due to
adsorption of lithium on the Ge (100) and Ge (111) planes were measured at first.
The curves AP corresponding to the Ge (100) and Ge (111) planes are shown in
Fig. 1. The zero potential point for both curves is that of the clean surface. One
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Fig. 1. Work function changes A of (100) and (111) germanium planes as a function
of lithium surface density N..

has to note that these curves are monotonous and thus recall the corresponding
dependences for some rough metal substrates [22]. The initial dipole moments for
the “zero coverage” which were calculated conventionally from the initial section
of the work function curves (sce Fig. 1) are 1.0 £ 0.2 and 0.7 £ 0.2, debye for Li
on the Ge (100) and Li on Ge (111), respectively.

The results of the SD investigations are presented in the Figs. 2 and 3. The set
of curves Qq(F) at various lithium coverages are shown here. The curves obtained
are nearly straight lines. Their form is similar to that in the case of electropositive
atoms adsorbed on the metal surfaces [12, 13] and K, Na adsorbed on germanium
single planes [14, 15].
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Fig. 2. Surface diffusion activation energy Qu of lithium adatoms on Ge (100) as a
function of electric field F for different lithium surface densities Na: 1. 0.2x10'4; 2. 0.5x
10%%; 3. 1.0 x 10%; 4. 1.5 x 10%*; 5. 2.0 x 10™; 6. 7.0 x 10** atoms/cm?. -
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Fig. 3. Surface diffusion activation energy Qa of lithium adatoms on Ge (111) as
a function of electric field F for different lithium surface densities Na: 1. 0.2 x 10'%;
2. 0.5 x 101 3. 1.0 x 101; 4. 1.5 x 10%*; 5. 2.0 x 10™; 6. 7.0 x 10** atoms/cm?®.

As the changes of SD energy values due to the external electric field (Figs. 2, 3)
can be approximated according to the equation [23]

1
|AQal = P X F+ Foter x F° ®

where p.g is the effective dipole moment of the adatom and aeg is the effective
polarizability, then peg and cveqr values can be calculated. The corresponding values -
of the peg as a function of the lithium surface density N, on Ge (100) and Ge
(111) planes are given in Fig. 4. The extrapolation of the curves to very low
coverages provides the initial dipole moment independently of the work function
measurements. The values obtained are 1.3 & 0.2 and 1.0 4= 0.2 debye for Li-Ge
(100) and Li-Ge (111) systems, respectively.

The opposite slope of the curves 6 in the Figs. 2 and 3 manifests the reverse
of the field effect at lithium surface density of the order 7 x 10'* atoms/cm? and
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Fig. 4. Dipole moment p, electric double layer power p x IV, and A®/4x as a function
of lithium surface density Na on Ge (100) and Ge (111) planes.

the slope of these curves leads to the value of the order 0.2 debye for “negative
dipole moment”. The effective polarizability aes of Li adatoms on Ge (100) and Ge
(111) planes obtained from the Qq(F') curves in Figs. 2 and 3 for all investigated
coverages does not exceed 5 A3.

4. Discussion

In spite of apparent knowledge of the character of binding of alkali adatom
with solid surface even for the case of metal substrate the question of its description
in terms of ionicity, covalency or metallicity is still actual [24]. '

In the semiconductor case the actuality of this problem is evident.

The comparison of the dipole moment data independent on the work func-
tion measurements with other results, such as for instance the adbond lengths [5],
is helpful to solve the question of charge transfer due to alkali adsorption. If one
chooses from two aforementioned field-assisted method, the FSSD method is sim-
pler for experimental realization but more complicated for interpretation of the
Pest value in Eq. (1). These difficulties are caused by the fact that peg depends on
different factors, namely the relationship between the local and average fields and
the values of adatom dipole moments in the normal and migration states which
differ in general. In accordance with [25], the value of peg can be presented as
peft = poko — pk, where pg, p are the dipole moments and kg, k are the coefficients
connecting the local field with the average surface field in normal and migration
state, respectively. Nevertheless, the analysis of previous results both for metal [12,
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13] and semiconductor substrate [14, 15] shows that for low adsorbate coverages
the values of the dipole moments obtained in such a way are reasonable.

The studies of the case of metal substrate [9-13] have shown that at increas-
ing concentration of adsorbate on the surface the reverse of field action can take
place. One can expect similar effect for the semiconductor surface*. We have not
obtained this effect in our previous studies [14, 15] as they were restricted to the
low adsorbate coverages, which possibly were insufficient. In this work the range ’
of coverages investigated was intentionally increased and then the reverse in the
field-effect (see curve 6, Figs. 2, 3) has been observed as a result.

As it was noted in [26], it could be hardly possible to compare directly the
results of adsorption studies on the metal and semiconductor surfaces. However, as
the alkali adsorbate influence prevails in the formation of the adsystem properties
for both cases, the comparative analysis in general has sense.

The twofold interpretation of reverse of the field effect has been given: the
transition of the electric double layer power through the maximum (the derivative
d(p x Na)/dN, influences the value perr and even can lead to the change of sign of
pesr [10]) or inverse of dipole moment’s vector orientation when the second layer is
filled [9]. We have a rare opportunity to avoid ambiguous interpretation, because
the absence of minimum on the work function curves (Fig. 1) does not necessarily
forecast the maximum of the double layer power.

Thus when the second layer is filling (Na > 5 x 10'* cm™2) the lithium
adatoms are characterized by a slight, inversely directed dipole moment. We urge
to treat this result more as an example of increasing inapplicability of the dipole
model at the increasing surface density of adsorbate. This is testified by the dis-
crepancy of the dependence of peg x N, and Ad/47 (the latter determines the
double electric layer power if all the changes of the work function would be caused
only by this layer according to well-known formula A® = 47p X N,) on the Fig. 4,
as lithium coverage increases. Such a discrepancy and quick decrease of the curves
p(Na) manifest the drastical lowering of the electron transfer value due to alkali
adsorpiion on germanium surface even at low alkali coverages. This result for semi-
conductor coincides with the new data about low charge transfer to the substrate
even for low alkali coverages for the metal surface [24, 27]. For Li this effect is
much more pronounced if compared with K and Na on Ge (100) and Ge (111)
planes [14, 15]. The effective polarizability of Li adatoms even at low coverages is
essentially less than the one for free Li atom (20 A3 [28]). This agrees with recent
calculations of electron density distribution near the alkali covered semiconductor
. surface [29]. From these calculations, which consider the Coulomb correlations for
the valence electron subsystem of semiconductor, it follows that the external field
is screened not only by the adsorbate electrons, but also by those of the substrate.

Our previous papers [14, 15, 30] contain an analysis of the influence of the
atomic relief and the electronic structure of the substrate on some alkali adlayers
characteristics on a semiconductor surface. The motivation to consider the case
of Li in this aspect is such that the macroscopic characteristics of Li adlayers are

*The author is obliged to Prof. A.G. Naumovets who directed author’s attention to this
obstacle. )
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sensitive for the substrate features in addition to the structural adlayer transfor-
mations. In spite of similatity of the atomic relief of W (112), Mo (112), Re (1010)
planes and the size of the surface cells (2.74x4.47 A, 2.73x 4.4 A, and 2.76 x 4.46 A,
respectively [3]) the dependence of the work function due to the lithium adsorption -
differs considerably [1-3]. This. permits to have a hope for elucidation of the in-
fluence of substrate properties on the work function and SD results, as the atomic
structure influences essentially the mobility of adparticles which follows from the
SD studies by the field emission flicker noise method [31, 32]. One can expect that
at decreasing size of adatom the factor of substrate will become more important
as it follows from the comparison of the K~Ge and Na-Ge systems [14, 15].

However, both the work function and SD data presented in this work do
not show this effect for lithium, these data for structurally different Ge (100) and
~ Ge (111) planes differ less than it can be expected from the known properties of
lithium adlayers on different metal crystal surfaces and known up to date K and
Na adlayers properties on Ge (100) and Ge (111) planes [14, 15, 30].

~ Asit has been shown by Lozovy [3, 33] the relative lowering of adatom sensi-
tivity to the peculiarities of substrate may be caused by the prevailing of one of the
types of adatom-adatom interaction, namely the advantage of the dipole-dipole
interaction (K on the Re (1010), [33]) or the electron exchange interaction (Li on .
the Re (1010), [3]) each decreasing the sensitivity of both adsorbates relatively to
Na, where the two contributions are of similar magnitude [33].

The specific features of the field evaporated germanium surface which is
characterized by the high density of surface electron states (~ 10'® ¢cm~2) pro-
vide the possibility of the apperance of the long-ranged indirect adatom-adatom
interaction through the substrate surface electron band [34]. This type of interac-
tion may prevail in the Li adlayers on the Ge (100) and Ge (111) field evaporated
surfaces and cause the properties observed. A question how to obtain the data on
structural transformation in the lithium adlayer on a field evaporated germanium
surface, in order to support this supposition, remains open.
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