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Low energy electron diffraction (LEED) and Auger electron spectroscopy (AES) are used to
study the growth processes of Ag films on an initially clean Si(111)-2 X 1 surface and the
evolution of the samples during heating to room temperature after decomposition of Ag at 8 K.
It is observed that in the case of deposition at 8 K the distribution of the Ag atoms over the
thickness of the films is statistical, and the atoms form highly disordered ultrathin Ag films
with a short-range-order length £ = 3a,,, where a,, is the crystallographic lattice constant of
the Ag. Upon heating of Ag films prepared at 8 K a number of phase transitions are observed
in the neighborhood of T'? 100 K; these are manifested by the appearance of the LEED
structures Ag(111)-1x 1, Si(111)-3x 1-Ag, and Si(111)-y7 X/7R( + 19.1°)- Ag against a
uniform (6 % 3) or a nonuniform (6% 3-4) background. Low-temperature deposition of Ag on
the Si(111)-2X 1 surface has little effect on the 2 X 1 superstructure, but subsequent heating of
the sample to 72 100 K leads to the transition Si(111)-2X1-Si(111)-1x 1 at §2 0.4-0.5.
This transition is due to a sharp increase in the strength of the interaction between the Ag
atoms and the Si(111) surface when the temperature T is raised (at 72 100 K.) The mean free
path in silver is determined for electrons of energy 92 eV (4.4 + 1.4 A) and 356 eV (6 + 1.7

A).

1. INTRODUCTION

Practically all investigations of the adsorption of Ag
atoms on an Si(111) surface have been carried out at rela-
tively high temperatures, 7% 300 K. (To the best of our
knowledge, this can be said of almost all investigations of
metal-atom adsorption on semiconductor surfaces). In con-
trast to the system Si(111)-7X 7 + Ag, for which there are a
rather large number of publications (see, e.g., the review
(Ref. 1) and also Refs. 2-14), relatively little work has been
reported on the system Si(111)-2X 1 4+ Ag (Refs. 15-21).

Studies of the adsorption of Ag atoms on an Si(111)-
2 X 1 surface at 300 K have shown that the initial 2 X 1 super-
stucture superreflection remains qualitatively unchanged to
0=0.3 [is the coverage in monolayers, with one monolayer
corresponding to a number of Ag atoms equal to the number
of Si atoms on the (111) surface, 7.8-10'* cm~2]. For
62 0.3 anew structure, Si(111)-y7 X7 R(19.1°) begins to
form."” The extra LEED spots from the v/7 X /7 superstruc-
ture are the most intense at a coverage #=2/3, at which
point there is a break in the curve of the intensity Ig; (6) of
theSi LVV Auger peak (92 eV). The diffraction beams from
the 2 1 and {7 X /7 structures are simultaneously visible
upto8=2.For0>2onlytheSi(111) 1 X 1 andthe Ag(111)
reflections are visible. The latter have begun to form already
at@=1 (Ref. 17) or 8=0.5 (Ref. 19). There is no concensus
as to the growth mechanism of the Ag film on the Si(111)-
2% 1 surface at room temperature. In fact, it has been as-
sumed"®?>? that at T~ 300 K the growth of the Ag film on
the Si(111)-2X 1 surface proceeds by the Frank-Van der
Merwe mechanism (Fig. 1a). On the other hand there are
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investigations in which other growth mechanisms have been
proposed (see Ref. 1, and works cited therein), namely, the
Stranski-Krastanov and the Volmer-Weber mechanisms
(Figs. 1b and 1c¢).

Until recently it has been believed that in the Ag-Si sys-
tem at 300 K there is no characteristic intermixing of the
metal and the semiconductor atoms. %4 However, the auth-
ors of Ref. 18, on the basis of their experiments, have con-
cluded that at room temperature (in contrast to the situation
at liquid nitrogen temperature) the Ag and Si atoms inter-
mix to some extent to a depth of two monolayers of the sili-
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FIG. 1. Schematic representation of film growth mechanisms. a) Frank~
Van der Merwe—the growth of each successive monolayer begins after
the previous one is completed; b) Stranski-Krastanov—upon completion
of the growth of the first monolayer three-dimensional (3D) islands grow;
¢) Volmer-Werner—the growth of 3D islands; d) model of the statistical
growth of a film on a substrate cooled to liquid helium temperatures.
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con substrate. Model calculations® also suggest the forma-
tion of a surface with embedded atoms.

A comparison of investigations on the system Si(111)-
Ag that have been carried out at room temperature and
above shows that a reduction of the temperature from, say,
T'=600 to T=300 K can lead to marked changes in the
structures of the Si(111)-Ag interface and in the growth
mechanism. Accordingly, there is a great deal of interest in
analogous investigations at lower temperatures, near that of
liquid helium (see also Ref. 26). We believe that such inves-
tigations may cast additional light on the results of “high
temperature” (7'~300 K) studies. In view of these consid-
erations we have used the methods of Auger electron spec-
troscopy (AES) and low energy electron diffraction
(LEED) tostudy the system Si(111)-Ag in the initial stages
of coverage of the initially clean Si(111)-2X 1 surface by Ag
atoms at temperatures 8-300 K.

Il. EXPERIMENTAL METHOD AND SAMPLES

The experiments were conducted with the use of an
ESCALAB-5 system, having a hemispherical electron ener-
gy analyzer and a two-grid LEED system. The base pressure
was 5-107"! Torr and during the experiment it did not ex-
ceed (2 —4)-107'° Torr. In order to achieve the low tem-
peratures (to 8 K) a special attachment similar to that de-
scribed in Ref. 27 was developed which made it possible to
change samples without breaking vacuum. The sample tem-
perature could be controlled in the range 8-300 K, and it was
measured with a carbon resistance thermometer that was
attached to a similar sample on the same sample holder. The
error in the temperature measurements was less than 1%.

Silver (purity 99.9999 at% ) was evaporated from a pre-
outgassed tantalum wire heated by an electric current. The
relative current stability during the evaporation was better
than 5-107°. After proper outgassing of the silver source
turning it on had no effect on the vacuum. The deposition
rate was controlled in the range 1074-5-10~2 A/s, and it
was measured directly with a quartz crystal thickness moni-
tor during deposition of the silver on the sample. The flux of
Agatoms was incident at an angle ~20° to the normal to the
sample surface. The operation of the thickness monitor was
checked both by the total evaporation of known weights and
by the linearity of the monitor reading with time during the
evaporation. The rms deviation from linearity did not exceed
A6~=0.07. Although the flux of atoms was very stable during
the deposition, the absolute value of 8 could have a systemat-
ic deviation 30% high or low from the values quoted in this
paper because of possible errors in calibration of the thick-
ness matter. The Auger spectra showed that the deposited
films were free of impurities to the limits of sensitivity of the
spectrometer.

In the experiments we used p-type silicon with a doping
impurity concentration ~ 10'* and ~ 10'® cm ™2, and n-type
silicon with an impurity concentration ~10~!* and ~ 10"’
cm ™3, The samples were cleaved at room temperature along
the (111) plane in the (211) direction with two wedges
(wedge angles 90 and 30°) inserted into slots in opposite
sides of the sample. The geometry of the sample made it
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possible to make three 10X 6 mm cleavages. More than 80
cleavages were studied in the experiments. As a rule a clea-
vage contained a number of specularly smooth areas separat-
ed by visually distinct steps. During the measurements the
probing electron beam was attuned to one of the specular
areas. The geometry of the apparatus permitted the Auger
spectra to be taken during the deposition without changing
the position of the sample. Most of the Auger spectra were
taken with a primary beam energy of 3 kV. The amplitudes
of the 92 eV Silicon L V'V peak and of the 356 eV silver MVV
peak were measured.

The LEED pattern was obtained with a standard two-
grid analyzer in the ESCALAB-5 system. The primary elec-
tron beam energy was varied from 30~120 eV, and the beam
was incident within a few degrees of normal to the sample
surface. The LEED pattern was recorded with a photo-
graphic film. The intensity profiles of the diffracted beams
were determined by photometry of the negatives.

Generally, the experiments were conducted in the fol-
lowing way. The sample was cleaved in a vacuum ~ 107"
Torr at room temperature. When a good cleaved surface was
obtained the Ag was deposited on the sample, which was
kept at room temperature or at 8 K. In the latter case the
sample was cooled after cleaving to 8 K. Next, during the
deposition of the Ag atoms, the Auger spectra were taken
and the LEED patterns were recorded at various stages of
coverage 6. At the desired thickness the deposition was
stopped and the samples were heated to room temperature.
At the same time, the Auger spectra were taken and the
LEED patterns were recorded, but now as functions of tem-
perature at constant coverage 6. Sometimes this procedure
was repeated with additional cycles of cooling and heating.

In the case of deposition at room temperature the Auger
spectra were also taken and the LEED patterns were record-
ed as functions of the coverage. Some samples, that reached a
specified coverage, were studied by the same methods, but as
functions of temperature while cooling to 8 K and subse-
quent heating to room temperature.

lIl. EXPERIMENTAL RESULTS
A. Auger electron spectroscopy

1. Deposition at 8 K

Typical curves of the amplitudes /s; and I ,, of the Au-
ger 92-eV Si peak and the 356 eV Ag peak as functions of 6,
taken at low temperatures, are shown in Figs. 2 and 3. The
ratio I 5, /I ; as a function of 6 is shown in Fig. 4.

The behavior of the Si(111)-Ag system as the sample
temperature is raised in the interval 8-300 K after low-tem-
perature deposition depends strongly on the coverage 6. The
intensity ratio of the Auger peaks for <1 is unchanged
within experimental error as the sample is heated. On the
other hand, for samples with 6 > 1theratio/ ,, /I ; begins to
decrease irreversibly at 7% 100 K. We found that, after the
sample has reached room temperature, the greater the cover-
age @ the smaller this ratio compared to the initial ratio at 8
K, and it decreases by about two orders of magnitude for
6~15. It was found that this intensity-ratio change occurs in
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FIG. 2. Si Auger signal amplitude as a function of the coverage 6: 1) at
T =8 K; 2) at room temperature; the solid line corresponds to growth
according to formula (1); 3) tangent to the calculated curve at the point
6=0.

a wide temperature range, 100350 K. We stress that the
characteristic temperature T * at which these changes begin
to be noticeable increases with increasing coverage. For ex-
ample, this temperatureis 7 * =200 K for 6 =4 and T * = 340
K for 6=15.

2. Deposition at room temperature

The dependence of the Si and Ag Auger signal ampli-
tudes at room temperature on 6 in the coverage range 6 ~0
to 1 is essentially linear (see Figs. 2 and 3), a result that
agrees with the results of other authors.!®'"!° For Si this
dependence is steeper than that for 7= 8 K. Both curves
have a kink near 6~ 1 and then they slope more gently than
for T'= 8 K. The difference in the ratio 1 ,, /I's; for 6% 3 is
especially pronounced (Fig. 4); whereas at 8 K the ratio
1,,/I; depends approximately exponentially on 6 over the
entire range from 6 =0 to 15, at room temperature, as can be
seen from Fig. 4, it can be regarded as a linear function of 8
from 6~3 to 6= 10. For 8% 10 the slope decreases. As a
result, for 6 ~ 15 the ratios I , . /I ; for samples on which Ag
was deposited at 300 and 8 K differ by two orders of magni-
tude.

Coolingto 8 K samples that have been prepared at room
temperature and reheating to room temperature has practi-
cally no effect on the amplitudes of the Auger spectra.

B. Low energy electron diffraction

The LEED patterns from the clean silicon (111) sur-
faces cleaved at room temperature usually showed a single-
domain Si(111)-2X 1 superstructure. This structure re-
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FIG. 3. Ag Auger signal amplitude as a function of the coverage 6: 1) at

T = 8K;2) at room temperature. The solid line corresponds to the calcu-
lation from formula (2).
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6, monolayers

FIG. 4. Ratio of the silver and silicon Auger signal amplitudes: 1) at 8 K;
2) at room temperature; 3) the change in the ratio during heating to room
temperature a sample with a film prepared at 8 K.

mained unchanged when the samples were cooled to 8 K, in
agreement with the results of Refs. 28 and 29. The super-
structure diffracted beams were sharp and were in the (211)
direction.

During the deposition of the silver on the cleaved sili-
con surface we observed, depending on 6 and T, a large var-
iety of LEED patterns corresponding to the structure
Si(111)-2x 1, Si(111)-y7 XyJ7TR( £ 19.1°), and a three-
domain Si(111)-3 X1 plus Ag(111)-1X 1 structure, and at
6~1.2-1.3, if the deposition was carried out at room tem-
perature, we were able to see all three of these structures at
once (see Fig. 5a). We point out that Fig. 5b shows the dif-
fraction pattern obtained after deposition of Ag to 6 =0.7-
0.8 with subsequent heating of the samples to room tempera-
ture, while Fig. 5c shows nominally how the diffracted
beams are arranged for the various structures depicted in
Figs. 5a and 5b.

For a more compact exposition, the main results ob-
tained in this investigation are gathered in Table I, which
shows the reigons of existence of the several structures as
functions of the coverage 8 of silver, the deposition tempera-
ture, and other factors.

We shall now turn to a more detailed description and
discussion of the experimental LEED results.

1. Deposition at 8 K

Beginning with the very lowest coverages <1, a uni-
form increase in the LEED background intensity is observed
up to the point where it saturates to some extent at 6 X 3. At
the same time the contrast of the diffraction beams from the
Si(111)-2X 1 structure decreases (the intensities of the
main beams and the extra superstructure beams decrease by
essentially the same amount). At 8=3 all the diffracted
beams from the Si(111)-2 X 1 structure disappear, but the
enhanced intensity in the vicinity of the specular, 00 beam
remains. For 6 R 3—4 the background becomes nonuniform:
some increase in intensity is observed at which would be the
reflections of the Ag(111) film. The size of each spot is com-
mensurate with the spot separation (strong smearing). With
increasing 6 the spots become stronger and smaller.

2. Heating the samples after deposition at 8 K

Coverage range @ = 3 to 4. For § <0.4-0.5 the Si(111)-
2X 1 structure remains when the sample is heated to room
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temperature. For 6% 0.4-0.5 the extra diffracted beams
from the Si(111)-2X 1 superstructure disappear during the
heating, that is, a 2X 11X 1 transition takes place. The
temperature of this transition becomes lower as the coverage
is increased. For 8=0.5, 0.7, and 1, the transition tempera-
ture is, respectively, near 230, 180, and 130 K. Thus, a struc-
tural transition, Si(111)-2X1-Si(111)-1Xx1, occurs dur-
ing heating when the coverage is greater than some critical
value, 6 * =~0.4-0.5.

Within the coverage range that we studied we observed

FIG. 5. LEED pattern of a cleaved Si(111) surface
after depositing silver: a) deposition at room tempera-
ture, 6 = 1.25, primary beam energy E, = 38 eV. b)
deposition at 8 K with subsequent heating to room
temperature, @ = 0.75, E, = 41 eV; c) arrangement of
the diffracted beams of the various structures: 1)
Si(111)-1x1;2) Si(111)-2x1;3) Ag(111)-1x1;4)

Si(111)-y7 XJTR( + 19.1°)-Ag; 5) Si(111)-3x1-
Ag.

three more structures that appeared during heating of the
samples.

a) For 0.2-0.3 < 0 5 1 regions of enhanced intensity ap-
pear against the uniform background of the LEED pattern,
beginning at 7= 130 K, and with further heating they be-
come sharp and bright diffraction beams of the
Si(111)-y7 XJ7R( + 19.1°) structure (see Fig. 5b). The
diffracted beams of this structure show up sharpest at

6~0.7-0.8.

b) Inthe range 0.7 S 0 S 3-4, during heating of the sam-

TABLE . Main experimental results: ranges of silver coverage and other conditions for observation of the LEED patterns.

Experimental
conditions Si(111)-2x1 Si(111)-1x1 Si(111)-7TXVTR( + 19.1%) Si(111)-3x1 Ag(111):1x1 Background
Deposited 0s6s2 256522 0.2-0.356525, 0.55053-6 620.5 weak
at room or higher most clearly
temperature visible for
6=12-13
Depositedat 8 K 05653 not observed not observed not observed not observed 1) grow strongly
upto 6534,
uniform
2) appear in regions
of enhanced intensity
for 62 34
Heating 1. Remains appears out of the  appears out of the background appears out of the appearsout of: 1) a fades out and trans-
to room for 650.4-0.5 background of the in the form of diffuse spots, background as rings, uniform background forms into other struc-
temperature 2. Undergoes 2X 1 structure for 0.2-0.35651 which turn into at0.7560534; tures
2X1-1x1 620405 diffracted beams
transformation which divide into sepa- 2) regions of enhanced
rate diffracted beams intensity for 3—
4<0s12
Observationat 0504 —0.5 04-0556s11 0.2-03s6s1 0756524 620.7 weak
room temperature or higher
after heating
Notes structure sensi- evidently due beams somewhat
tive to vacuum to double smeared out
conditions; diffraction around the
not observed circumference
for p23-10~'° Torr
835 Sov. Phys. JETP 64 (4), October 1986 Aristov et al. 835



ples and beginning at 7~ 100 K, rings of radius equal to one-
third the distance between the Si(111)-1X 1 beams are
gradually formed around the Si(111)-1X1 beams. With
further heating the rings separate into six beams, smeared
over the circumference of the circle and lying in the direc-
tions of the nearest Si(111)-1x 1 diffracted beams (see Fig.
5¢),i.e., theSi(111)-3 X 1 structure is formed. The brightest
beams of the Si(111)-3 X 1 structure are formed around the
00 beam. For 8 ? 2 the intensities of the 3 X 1 beams decrease
with increasing 6 and for 6 4 they are practically invisible.

¢) During heating of samples with 62 0.7, Ag(111)-
1< 1 beams are gradually formed out of the uniform LEED
background at 7R 100 K. During the formation of this pat-
tern, spots of enhanced intensity appear first, and then as the
temperature is increased they decrease in area and increase
in brightness. When room temperature is reached the radial
diffuseness of the spots is much less than the circumferential
diffuseness, which can be as much as + 15°. the amount of
radial and circumferential diffuseness decreases with in-
creasing 6. The orientation of the Ag(111)-1x 1 diffracted
beams that are formed correlates with the crystallographic
directions of the Si(111) substrate plane. This means that
the same crystallographic directions of the Si(111)-1x1
and Ag(111)-1X1 structures coincide and the distances
between neighboring beams are in the ratio 3:4, respectively,
for the two structures.

The range of 0 from 3-4 to 11. As mentioned above,
during deposition at 8 K to coverages 6= 3—4 “‘spots” of
enhanced intensity appear in the LEED pattern. As the cov-
erage is increased to 8=~ 10 the spots become much more
conspicuous, but they remain quite diffuse (see above).
Heating of the samples prepared in this way with 3-
4=0%11 (samples with > 11 were not studied) does not
produce any marked changes in the LEED pattern up to
T=100 K. With further heating of the samples the spots
become brighter and smaller. The spots gradually turn into
the diffracted beams of the Ag(111)-1X 1 structure men-
tioned above, and the overall background is reduced. This
process for 8=9 is illustrated in Fig. 6.

At higher temperatures (relative to the temperature at

Aq/l /qu

0.4 -

g 100 200 J00 T, K

FIG. 6. Relative half width of the (01) diffracted beam from silver, mea-
sured in the radial direction (E, = 70 eV) for = 9, as a function of the
annealing temperature. The inset is a diagram that shows how ¢,, and
Aq,, are defined. The cross shows the center of the screen; the primary
beam is incident at an angle of 2° from the normal to the sample.
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which the Ag diffracted beams are formed) the Si(111)-
1 x 1 beams become visible. For example, for samples with
6~9 the temperature for the formation of the Si(111)-1 X1
diffracted beams is in the region of 280 K. We have found
that this temperature increases with the coverage, but we did
not make any detailed studies of this effect. In sum, after
heating to room temperature samples with §~3-11 the
Si(111)-1 1 structure is always seen in addition to the
Ag(111)-1x1 structure.

3. Deposition at room temperature

The characteristic ranges of 6 in which one or another
of the structures are observed in the process of deposition at
room temperature are given in Table I. We note that the
Si(111)-y7 XyTR( + 19.1°) is sharpest for 6~1.2-1.3.
Our LEED results that we show in Table I for the Si(111)-
Ag system prepared by deposition at room temperature
agree on the whole with the resultsin Refs. 17 and 19, and we
shall therefore not dwell at length on the results of the “high
temperature” investigations, noting only that, in contrast to
Refs. 17 and 19, we observed by LEED the Si(111)-3 X1
structure. The only experiment known to us in which this
structure has been observed in deposition at room tempera-
ture onto the cleaved Si surface at room temperature used
the method of reflection high-energy electron diffraction.?’

In conclusion we call attention to the following. All the
LEED patterns that we have observed at room temperature,
regardless of whether they were obtained by deposition on
surfaces at 8 K and heated to room temperature or deposited
on surfaces at room temperature, remained unchanged when
the samples were subsequently cooled to 8 K. The increased
contrast of the diffraction spots after cooling was evidently
in consequence of the Debye-Waller factor. Heating the
samples again produced no noticeable changes in the LEED
pattern.

IV. DISCUSSION OF THE RESULTS

The adsorption of Ag atoms, having a temperature
T=1000 K during evaporation, onto a cold (=~ 10 K sub-
strate is characterized by: 1) a high rate of cooling of the
atoms upon adsorption30 and 2) the absence of surface or
bulk diffusion or interchange of the adsorbing atoms with
the atoms of the substrate.?’ The last, by itself, is a conse-
quence of the absence of diffusion.

For such an adsorption process one would expect, first,
an atomically sharp interface between the metal and semi-
conductor, and second, a film without an island structure
but having a continuous thickness over the whole surface
because of the statistical nature of the distribution of the
atoms. The latter expectation will be correct if an atom that
has “fallen” on the surface does not change its position.

The high rate of cooling of the atoms and the absence of
diffusion may lead to the formation of a highly nonequilibri-
um structure of both the surface and the film. Generally
speaking, in the state of the surface and the film a broad
spectrum is possible between the two extremes: amorphous
and monocrystalline. '

Guided by the above-mentioned observations, we shall
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determine the coverage dependence of the intensities of the
silver and silicon Auger spectra for the case of low-tempera-
ture deposition. We shall thus assume that the Ag film is
formed with a Poisson distribution of atoms over the thick-
ness of the film.

(aB)™

P, =
ml

exp (—a8),

where m is the number of atoms located one over the other in
a surface adsorption site the size of which is the order of the
lattice constant, p,, is the probability of this confirmation, §
is the average thickness of the film (expressed in mono-
layers), and a=0.56 is a factor that is equal to the ratio of
the density of Si atoms in the Si(111) plane to the density of
Ag atoms in the Ag(111) plane (we assume that at 8 K the
spacings between the Ag atoms are the same as in Ag metal).
The Poisson distribution, strictly speaking, assumes statisti-
cal independence of the spatial distribution of the Ag atoms
and at the same time implies that the film is amorphous.
However, the pattern of the atoms distribution does not real-
ly change qualitatively for the case of weak correlation ef-
fects due to the motion of the impinging Ag atoms on the
surface over distances no greater than the lattice constant.
Assuming that a film of constant thickness d,, attenuates an
electron beam of energy £ by an amount exp(d,//), where
I = I(¢) is the effective inelastic mean free path of an elec-
tron of energy £ and without energy loss, we obtain from the
Poisson distribution expressions for the intensities I (8)
and I 5, (6):

Is,exp {——aB[i-—exp(—ill(ei))]}, (1)
I ,o1—exp{—aB[1—exp(—1/i(e;))1}, (2)

where £, is 92 eV and ¢, is 356 eV and /(&) is in units of d,
where d is the average distance between neighboring Ag
atoms. For /(£) > 1, expressions (1) and (2) simplify, since
exp( — 1/1(e)) =1 — 1/I(¢). In this case we obtain

[s;f’-’exp {—ae/l(ﬁi)}, (3)
Lig»1—exp {—a8/l(e,)}. (4)

It should be emphasized that generally speaking, it is
not a priori obvious that expressions of type (1) and (2) are
valid for arbitrary values of 6, since it is not clear that one
can in fact use the same parameter / forboth6 = 1and 6% 1.
This issue can only be resolved by a comparison of expres-
sions (1) and (2) with experimental data. Before making
such a comparison, let us note also the following.

Itis clear that the density of a nonequilibrium film must
be different from that of crystalline silver, but we have no
data available on the density of the nonequilibrium films that
we have produced, since the methods that we use allow us to
determine only the mass of silver per unit area. Therefore we
shall assume that the average distance between the silver
atoms in the film is independent of the substrate structure
and is approximately equal to the spacing in crystalline sil-
ver. Under this assumption a single monolayer of Ag on the
surface should correspond to a8 = 1, i.e., a monolayer cor-
responds to = 1.8, since a =0.56.
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As can be seen from Figs. 2 and 3, the experimental
Auger spectroscopy results obtained at 8 K are in good
agreement with dependences of the type (1) and (2) if
I(g;) =154 0.5 and I(g,) =2 + 0.6 for all values of 6.
Taking the average distance between monolayers to be equal
tothe average distance d between Ag atoms in the crystalline
state (d=2.9 A) we obtain for the average film thickness
(d,) = daf and for the inelastic mean free path in the Ag
film we obtain d/(¢,) = 4.4 + 1.4 Aand dl(¢;) =6.0 + 1.7
A.

The results of the low-temperature LEED measure-
ments show, first of all, that deposition of Ag atoms in 8§ K
has little effect on the Si(111)-2 X 1 superstructure. This re-
sult suggests the following conclusion: that at 8 K the ad-
sorbed Agatoms interact only weakly with the Si(111)-2X 1
surface, that is, at such a low temperature the Ag atoms are
physisorbed and not chemisorbed. In fact, during deposition
on the substrate at low temperatures the Si(111)-2X 1 sub-
strate pattern can be observed (at a primary electron energy
£=100¢eV) up to a coverage =34, that is, with allowance
for the coefficient , up to about a coverage of 1.5-2 layers of
silver atoms. We emphasize that as @ increases the super-
structure beams and the main beams disappear practically
simultaneously (the main beams being those from the
Si(111)-1X 1structure). Because in the LEED experiments
only the elastically scattered electrons are detected, it is clear
that the disappearance of all the LEED beams from the
Si(111) surface at 6 ~3 means that the Ag film for =3 is
opaque to the electrons of energy € ~ 100 eV that are detect-
ed: all the electrons with £~ 100 eV that are incident on the
Ag film are inelastically scattered with high probability and
therefore do not contribute to the LEED pattern. Conse-
quently, from the LEED data we can estimate, albeit crude-
ly, the mean free path without energy loss for a 100 eV elec-
tron. Itis clear that 1 S 6=3. If the coefficient a is taken into
account, then this value agrees with the value for the elec-
tron mean free path that we obtained from the experimental
EAS data.

The complete absence of diffracted beams from
Ag(111) for 6% 3-4 or the presence of only very diffuse
beams (spots) for 8 R 3—4 with the spots as large as the spac-
ing between them, indicate that the Ag atoms that are ad-
sorbed at 8 K form a highly disordered structure.

Knowing thesize Ag,, of the Ag(111) beams observed
during the process of deposition at 8 K (8% 3-4) and the
lattice constant @, in the Ag(111) plane, one can estimate
the short range order length in the system of Ag atoms as
&~ (qag/Agag)an,, Where g,, is the spacing between the
Ag diffracted beams. In our case, £ = (2-3)a,, for 62 3-4.
We stress that because the diffuseness of the diffracted
beams decreases and their intensities increase with increas-
ing 6 (for 62 3—4) we can conclude that, first, the Ag film
produced at 8 K is nearly amorphous, and second, the degree
of ordering in deposition at 8 K increases with increasing
film thickness.

We thus arrive at the conclusion that in the low-tem-
perature adsorption of Ag on the Si(111)-2X 1 surface an
Ag film with £ S (2-3)a,, is formed which interacts weakly
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with the substrate and that the experimentally determined
dependences I (0) and I,,(6) are very well described
within the Poisson statistical model with a single adjustable
parameter /(&) for all the values of 6 that were studied.

We shall now discuss briefly the results of the room
temperature experiments. As can be seen from Figs. 2 and 3
(see also Refs. 17 and 19) there are breaks in the experimen-
tal curves of I's; (300K, 8) and 7 ,, (300K, 8) corresponding
to @~ 1. We can therefore state that 6~ 1 is a critical cover-
age and we designate this coverage 8, . This observation also
agrees qualitatively with data obtained by the LEED meth-
od. Actually, as the LEED experiments show, the formation
of a new superstructure, the Si(111 )-VT XVTR( + 19.1°) is
completed on the Si(111) surface at =6, =1.2-1.3. We
note that in Ref. 17 a critical coverage 8, ~0.66 was ob-
tained. The reason for the substantial discrepancy with our
result 8, =~1.2-1.3 is not clear.

Worthy of note is the fact that the curves of 1 ,, (&) for
T =8 and T = 300 K coincide (within experimental error)
over the entire range of @ from 0 to =~ 1. This result permits
us to assume that at 300 K and 8 K the Ag atoms are local-
ized on the surface and not beneath the upper layer of Si
atoms (as occurs for T2 300 K (Ref. 13)), that is, there is
no appreciable intermixing of Ag and Si atoms. We note that
for 6«1 the probability of Ag atoms lying on top of one
another, and, consequently, the possibility of their mutual
screening, is small. Therefore it is reasonable to expect that
at 8 K in the range 6 5 1 the condition 7 ,, (300 K) =1 5, (8
K) should hold, since for § S 1 the atoms form mainly mono-
layer islands with the y7 X7 structure, that is, the Ag
atoms are arranged in a single plane on the surface (see be-
low).

Let us now take note of the fact that at 300 K in the
region 6 < 1 the dependence I i; (0) is steeper than the curve
for 8 K (see Fig. 2) particularly for 6 -0.

dl5, (300 K, 0)/06~1,201s, (8 K, 6)/46.

Taking into account also that at 300 K the intensities of the
V7 X7 superstructure diffracted beams increase monoton-
ically with 8 up to §~1.2-1.3, it is reasonable to suppose
that the steeper dependence I ; (300 K, 8) is due to the more
effective scattering of electrons by the essentially monolayer
Ag islands which are formed and grow in breadth with in-
creasing 6. (We note that even at =1 about 37% of the
surface is not covered by the adsorbate in a statistical distri-
bution of the atoms, and therefore the effectiveness of
screening of the Si Auger electrons is reduced). At 300K in
each island that is investigated the concentration of Ag
atoms clearly corresponds to 6, ~ 1, and the superstructure
is the /7 X /7 structure.

We shall assume that the concentration of adatoms
between the islands can be neglected. Then we can write that

I5, (300 K, 0) =I,(S,—S)+1,S exp(—d'/l"),
where I, is the intensity of the Auger signal for the clean
surface, d * and / * are, respectively, the effective thickness

and electron mean free path for islands with the 7 X7
structure, S, is the surface area of the sample, and S is the
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total area of all the islands with the /7 X+/7 structure. In
this case the measured coverageis 8 = 6.5 /Sy; at. S = S, the
entire surfaceis covered with a Ag layer with 6 = 6, that has
the \/7 X /7 structure. Consequently, for 6 < 1 we have

Isi (300 K, 0) =1,S, {1+ [exp (—d’/I")—1]6/0.},

that is, the dependence on @ is linear, in accordance with Fig.
2. From this result we find that for < 1,

1 0l (300K,0) 1

=)-1]
= L)l
1.5, 20 0. [e"p ( r

From Fig. 2 we find that the left hand side of this expression
(e) is equal numerically to ~ — 0.4, and therefore, setting
6. =1, weobtaind *// * =0.5. We emphasize that we cannot
separately determine the mean free path / * for the 7 X+/7
superstructure because the effective thickness d* is un-
known.

Let us now consider the coverage range 8% 1. The fact
that for 82 1 all the experimental points of the curve
1,, (300K, 0) lie below those for 7 ,, (8 K, €) indicates that
at 300 K, as @ increases over the range 0% 1, three-dimen-
sional islands of Ag are formed on top of the first monolayer
(which forms the Si(111)-y7 X\/7R(19.1°) superstruc-
ture). This conclusion is consistent with the data of Fig. 2.
Actually, as can be seen from Fig. 2, for X 1 the dependence
on @ of I; (300 K, 9) is weaker than that of I, (8 K, 8), a
result that also is evidence for the growth of three-dimen-
sional islands on top of the first Ag monolayer (the Stranski-
Krastanov mechanism).

This conclusion is also supported by the LEED results.
In the experiments, deposition at room temperature to
6~20 does not extinguish the Si(111)-1X 1 pattern. Since
the mean free path of the electrons is /~3 monolayers, it is
clear that for a uniform coverage at room temperature the
Si(111)-1x 1 LEED pattern would disappear at =3, as
occurs in the case of deposition at 8 K. Consequently, there
is basis for the conclusion that after formation of the first
monolayer at T=300 K (see also below ), three-dimensional
(3D) islands subsequently form and grow over the entire
surface on top of the two-dimensional layer up to 6~20.
Between the 3D islands regions of the two-dimensional layer
remain, and these are transparent to electrons of energy
£=~100eV. The Si(111)-1X 1 structure can be seen through
these regions.

When the samples that were prepared by deposition at 8
K were heated to 7% 100 K we observed that for 6% 9 *,
where 0 * is some critical coverage around 0.4-0.5, an irre-
versible phase transition, Si(111)-2X1-Si(111)-1X1, oc-
curred on the surface. (This was manifested in the disap-
pearance of the superstructure diffracted beams).
Moreover, the temperature of this transition depended
strongly on the coverage, and decreased with increasing cov-
erage 0. The disappearance of the superstructure diffracted
beams upon heating can be interpreted as being a conse-
quence of the strengthening of the interaction of the ad-
sorbed Ag with the Si(111) surface in the transition from the
physisorbed to the chemisorbed, i.e., the strongly bound,
state. This transition is a thermally activated process. This
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conclusion is in agreement with the results of Ref. 33.
Strengthening of the interaction leads to a local disruption of
the translational symmetry corresponding to the superstruc-
ture. It is important to point out that for the “removal” of
the 21 superstructure at 72 100 K it is necessary that
6R 6*=0.4-0.5.

From the value of 6 * we can estimate the characteristic
radius of interaction of the Ag atoms in the chemisorbed
state with the Si atoms. Itisevident thatr~1/2(8 *) /gy,
where ag; is the lattice constant on the Si(111) surface. Set-
ting ag, ~3.84 A, we find that r~3 A. It is clear that the
critical value 8 * must be a universal characteristic, essential-
ly independent of the temperature. However, we have deter-
mined that the value of 8 at which all the diffracted beams
from the 2 X 1 superstructure disappear during deposition at
room temperature is about equal to 2 (see also Refs. 17 and
19), and not 0.4-0.5. We therefore arrive at the conclusion
that at room temperature, because of rapid surface diffusion,
compact two-dimensional Ag islands form immediately and
grow laterally (without changing thickness) and gradually
cover the whole surface. During this process the concentra-
tion of Ag atoms in the islands is * 8 * and therefore under
the islands we have the Si(111)-1Xx1 structure while
between the islands 6 < 6 * and, as a consequence, in these
nearly ‘““clean” regions of the surface the Si(111)-2Xx 1 su-
perstructure persists. The total disappearance of the
Si(111)-2X1 superstructure diffraction beams corre-
sponds, in this model, to the enlargement of the two-dimen-
sional islands. This disappearance corresponds to 6=2,
since @ =~0.56 (see above). This proposed growth mecha-
nism is also supported by the LEED data.

The results that we have obtained in experiments on
heating samples of “thick” Ag films (8 R 3—4) deposited at 8
K also serve as confirmation of the proposed mechanism. In
this case, when the samples are heated to 72 100 K we ob-
serve a transition— (nonuniform background) - Ag(111)-
1X 1+ Si(111)-1X 1—which can also be interpreted as re-
sulting from the transformation into islands of a film that is
initially continuous at 8 K. This conclusion is in good agree-
ment with our conclusions drawn on the basis of an analysis
of the Auger data. Both our LEED and AES results show
that at low temperatures (~8 K) during the deposition of
Ag on the Si(111)-2X 1 surface a continuous film grows,
with a statistical distribution of the silver atoms over the
thickness of the film. On the other hand, room temperature
growth of the film occurs by the Stranski-Krastanov mecha-
nism.

Thus, on the basis of an analysis of the experimental
data we have arrived at a number of hypotheses and conclu-
sions regarding physisorption and chemisorption, the mean
free path/in a Ag film for electrons of energy £ =100 eV, the
characteristic radius r of interaction of Ag atoms with Si
atoms on the Si(111) surface, and the growth mechanism of
Ag films at low and room temperatures. The conclusions on
the growth mechanisms of Ag films on the Si(111)-2Xx1
surface at low and room temperatures are in good accord
with the results obtained on heating the films to room tem-
perature. It can be seen from Fig. 4 that for 8> 1 the ratio
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1 ,,/1; decreasesinthe process of heating to room tempera-
ture. Heating to =~ 100 K, regardless of the coverage 6, pro-
duces no marked change in I , /I ;. Therefore there is rea-
son to suppose that there is essentially no surface diffusion of
Ag atoms or segregation into islands in the temperature
range 8—100 K. On the other hand, the Ag atoms begin to
diffuse noticeably over the surface at 72 100 K and to col-
lect into islands. When this happens, some portions of the
surface are “cleaned” of the silver film and the measured
Auger signal from the silver decreases and that from the
silicon increases. The final value of I ., /I ; is that which is
obtained in room temperature deposition to the same cover-
age 0.

During the heating of samples with 82 0.7 the
Ag(111)-1X1 diffracted beams begin to form already at
T2 100 K. The formation of these beams in the shape of an
arc indicates that in the system of Ag atoms, which is initial-
ly highly disordered, ordered region appear in which the
axes of the type (111) practically coincide with the (111)
axis of the substrate, but with a large spread in the angles of
rotation @ of these regions relative to each other around the
(111) axis (up to Ap= + 5°). We note that the radial dif-
fuseness Ag,, decreases with increasing 7.

The data from the heating experiments allow us to con-
clude that the films that are prepared at low temperatures
and have a statistical distribution of the Ag atoms over the
thickness of the film form into islands when heated. When
they are heated to room temperature they evidently have
nearly the same structure as films deposited at room tem-
perature to the same coverage 6.

We note that the reason for the very strong film thick-
ness dependence of the temperature at which the structural
rearrangement begins upon heating the sample remains es-
sentially unclear. Additional investigations are required to
clarify this point.

In connection with our observation of the Si(111)-3 X 1
LEED pattern, there are two possible reasons for its appear-
ance. First, this pattern may result from the formation of a
3X 1 superstructure involving Ag atoms, i.e., a Si(111)-
3 X 1-Ag superstructure, and the diffraction of the primary
electron from this superstructue. Second, it could be, gener-
ally speaking, a result of the difference, by a factor of about
1/3, in the lattice constants ag; and a,, in the (111) plane,
by virtue of which LEED superstructure diffraction beams,
spaced a distance gg; /3 apart (see Sec. III), can arise by
diffraction, not of the primary beam, but of the beams dif-
fracted by the Si and passing through the Ag film from the
reverse side (the double diffraction effect®®). It is clear that
the doubly diffracted beams can leave the Ag film and reach
the LEED screen only if the thickness of the film is less than
or equal to /, the mean free path of 100 eV electrons.

The following facts are also evidence in favor of double
diffraction.

If the LEED pattern is observed during room tempera-
ture deposition, then the 3 X1 diffraction beams appear at
approximately the same coverage as the Ag(111)-1x 1 pat-
tern (see Table I). The same is true of the films that are
prepared at 8 K and then heated. At the same time, in the
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case of deposition at ~300 K, the 3 X 1 structure disappears
for large € when the silver islands become sufficiently thick
and consequently opaque to the electrons emerging from the
silicon with an energy £ ~ 100 eV. Furthermore, we note that
for low temperature deposition the film that is obtained is
highly disordered and therefore up to large converages we
observe diffracted beams from neither the Ag(111)-1Xx1
nor the 3 X 1 structures. Briefly generalizing the observation
discussed above, we may say that the 3 X 1 structure appears
and exists simultaneously with the Ag(111)-1X 1 structure
if the film is sufficiently thin, and it disappears at large 6.

In spite of all the arguments given above in favor of the
3 X1 structure being a double diffraction phenomenon, we
suggest that additional studies are necessary for a final ex-
planation of its nature.

V. CONCLUSIONS

The experimental investigations that we have carried
out over a wide temperature range by the methods of low
energy electron diffraction and Auger electrons spectrosco-
py have made it possible for the first time to obtain a body of
data on the growth kinetics of ultrathin Ag films, on the
atomic structure of the Si(111) surface as the concentration
of adsorbed Ag atoms is varied at low temperatures, and on
the effect of temperature on the structure of the Si(111)
surface and the Ag film.

A comparison of the low temperature results and the
results obtained at room temperature have allowed us to
form hypotheses about the specific growth mechanisms of
the Ag films and about the nature of the interaction between
the Ag atoms and the Si(111) surface at various tempera-
tures. An analysis of the experimental data has also allowed
us to determine the mean free path of electrons with energies
92 eV and 356 eV in the Ag films. We point out that the
determination of the mean free path by deposition of films at
low temperatures is the more correct way in the sense that at
low temperatures there are no problems associated with the
formation of island structures.

The body of experimental results that was obtained in-
dicates that at low temperatures there are a number of inter-
esting phenomena in the Si(111)-Ag system that warrent
further investigation. For instance, an interesting feature is
the observation of an amorphized Ag film on the Si(111)
surface. This observation is evidently the first of its kind and
it merits further attention.

The authors wish to express their gratitude to A. M.
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