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The purpose of the present study has been to examine the manner in which inelastic electron
scattering from ionic crystal surfaces is modified by the presence of a conducting overlayer as its
thickness passes from the limit of zero coverage through two-dimensional film formation and then
onto bulk growth. Specifically, we present both experiments and theory on the effects of thin (< 17
A) silver overlayers on the vibrational spectrum of gallium arsenide single-crystal surfaces. Clean
(100) Te-doped GaAs samples are characterized by an intense surface optical phonon at 36.2+0.5
meV and a weaker plasmon-phonon coupled mode at 12—13 meV, depending on the doping level.
Both modes are completely screened by a (3.0+£0.3)-A-thick uniform overlayer of silver in good
agreement with theoretical predictions (assuming a silver overlayer with bulk dielectric properties).
In addition, modes characteristic of the coupled Ag-GaAs system are observed. The effects of silver
film thickness and metal island formation are also discussed.

I. INTRODUCTION

The inelastic scattering of low-energy electrons from
ionic crystal surfaces has been examined in detail in the
last decade both theoretically and experimentally.! The
primary scattering process results from the interaction of
the Coulomb field of the incoming electron with the elec-
trostatic potential set up in the vacuum by oscillating sur-
face and near surface atoms. The observed strong, small
angle scattering is well described within the dipole approx-
imation because the electron scatters from these electro-
static potential fluctuations when it is 50—100 A above
the crystal surface.

The purpose of the present study has been to examine
the manner in which inelastic electron scattering is modi-
fied by the presence of a conducting overlayer as its thick-
ness passes from the limit of zero coverage through two-
dimensional film formation and then onto bulk growth.
The primary emphasis has been the study of uniform met-
al overlayers, but experiments have also been performed
on island films, yielding valuable information concerning
the differences between two-dimensional and nucleated is-
land growth. The use of electron-energy-loss spectroscopy
(EELS) to distinguish between these two growth mecha-
nisms at very low coverages constitutes a rather unique
and complementary technique to established methods such
as low-energy electron diffraction (LEED) and reflection
high-energy electron diffraction (RHEED).

The system chosen for our studies was Ag/(100) GaAs
under conditions where the substrate temperature was
held at ~170 K during metal deposition. This particular
choice was dictated by two major considerations: (1) the
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use of a metal which does not display strong overlayer-
substrate reactions and (2) the necessity to have a material
which develops metalliclike properties at low coverages in
order to be able to model the metal dielectric properties by
their bulk values. Previous studies of Ag/(100) GaAs in-
dicate that both of these considerations are reasonably
well met by this system.>>

The paper will be organized as follows. In Sec. II, we
present experimental details relevant to the high-
resolution EELS spectrometer, the measurement of Auger
and LEED data, and the details of metal deposition. Sec-
tion IIT contains the experimental results and outlines the
trends which must be explained, and Sec. IV provides the
theoretical background and discussion necessary to under-
stand the manner in which the overlayer structure modi-
fies the inelastic electron scattering. Section V summa-
rizes our findings for both uniform overlayers and metal-
lic islands.

II. EXPERIMENTAL

Experiments were carried out in an ultrahigh vacuum
chamber operated in the range 5—8x 10~!! Torr except
during metal deposition. The electron-energy-loss spec-
trometer design is similar to that described by Sexton*
with the following instrument parameters. The incident
electron beam contacts the sample at 60° relative to the
surface normal at an impact energy of ~5 eV. Beam
currents were typically 1—2x10~1° A. Electrons were
collected within ~ +1° of the specular direction. The elas-
tic scattering peak intensity from clean GaAs was of order
5% 10* counts/sec; silver deposition reduced this intensity
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by roughly two orders of magnitude. All EELS measure-
ments were performed at ~170 K.

Derivative Auger spectra were collected with 1-kV exci-
tation for transitions below 550 eV and with 3-kV excita-
tion for the high-energy Ga and As transitions. The
peak-to-peak modulation voltage was 1 V in all cases and
beam currents of 5—10 uA were used. LEED patterns
were examined at energies below 150 eV with beam
currents in the A range. As a general precaution to
avoid electron beam artifacts, energy-loss spectra were al-
ways recorded prior to exposing the sample to either
Auger or LEED analysis.

Bromine-methanol polished (100) GaAs wafers Te-
doped to n~1Xx10' cm~3 were etched in 1:1 HF:H,O
and mounted in the vacuum chamber. Clean surfaces
were prepared by argon ion etching at 500 eV for 30—40
min (5X 107> Torr) followed by annealing at 725K for
~2 h. After cooling, the samples displayed a sharp
(4 1)-45° LEED pattern and common contaminants such
as C, O, and S were not detected by the Auger analysis.

Silver was evaporated from a liquid-nitrogen shrouded
effusive oven and the flux measured with a quartz crystal
oscillator calibrated against a Dek-Tac. The source-to-
sample distance was ~25 cm, thus ensuring a uniform
silver coverage over at least a l-cm? area. The metal-
deposition rate used throughout this study was 1.7+0.2
A/min. The sample was held at ~170K during silver
deposition and during all EELS-Auger-LEED measure-
ments unless otherwise stated. The chamber pressure
remained below 4 X 10~!° Torr during metal evaporation.
Auger analysis, performed several hours after each metal
deposition, showed contamination levels of less than a few
percent of a monolayer in all cases.

III. RESULTS
A. Uniform silver films

The lower trace of Fig. 1 shows the energy-loss spec-
trum associated with bare (100) GaAs in the absence of
any Ag overlayer. The data points are spaced ~0.5 meV
apart and are only connected for clarity of presentation.
The curves have not been smoothed. The baseline for
each spectrum is shown by the horizontal solid line to the
right. Energy-loss (Stokes) peaks are shown plotted with
positive energy relative to the elastic peak whereas
energy-gain (anti-Stokes) peaks are assigned negative ener-
gies. The latter are symmetrically displaced relative to the
elastic peak but their intensity is reduced by
n(w)/(n(w)+1), where n(w) is the Bose-Einstein thermal
factor. Since our measurement temperature (~ 170K)
strongly suppresses the anti-Stokes intensity, we will em-
phasize only the Stokes component in describing our re-
sults.

For GaAs doped in the range n ~1X10!7 cm™3, there
are two primary sources which contribute to the observed
structure seen at 36.2+0.5 and at ~12—13 meV. The
first source is coupling of the substrate plasmon oscilla-
tions with the surface optical phonon. This contributes
two modes denoted by @4+. The frequency and intensity
dependence of these modes on the near-surface free-carrier
concentration has been considered in detail elsewhere.>®
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FIG. 1. The lower curve is a high-resolution EELS spectrum
of a clean Te-doped (~ 1% 107 cm™3) (100) GaAs surface taken
at 170K. The assignment of the peaks is discussed in the text.
The middle trace shows the same surface after the deposition of

an ~1.7-A-thick uniform layer of silver at 170K. The upper
curve is the EELS spectrum of a 2.5- A-thick layer also deposit-
ed with the substrate at 170 K. Baselines for each spectrum are
shown to the right.

At this doping level the @, mode lies close to the un-
screened surface optical phonon frequency of 36.2 meV,
whereas the @_ mode is seen at 12—13 meV. The second
source of structure in the GaAs clean surface EELS spec-
trum is due to band bending. This band bending (~0.8
€V) creates a space-charge layer of approximate width 870
A and, within the depletion approximation, this region
contains no free carriers. As a consequence, scattering
from the unscreened surface optical phonon will be detect-
ed at ~36.2 meV superimposed on the @, mode.
High-resolution EELS spectra associated with the
buildup of an Ag overlayer are shown in Figs. 1 and 2 for
deposited metal thicknesses of 1.7, 2.5, 3.4, and 17 A. The
justification for assigning these spectra to uniform silver
overlayers will be presented in the next section. For a
1.7-A silver film (middle curve of Fig. 1), the elastic peak
is clearly broader than that of the clean surface (9.5 vs 6.5
meV) and is approximately 100 times less intense. More
importantly, the surface optical phonon intensity has de-
creased significantly and a large, uniform background ex-
tending beyond 65 meV is observed. The deposition of a
2.5-A-thick silver film further broadens the elastic peak
width to 16.0 meV (Fig. 1, upper curve). The surface opti-
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FIG. 2. High-resolution EELS spectra of 3.4-A (upper curve)
and 17-A (lower curve) overlayers of Ag/(100) GaAs at 170K.

cal phonon has now almost disappeared into the increas-
ing background intensity. With a 3.4-A-thick overlayer of
silver deposited onto the GaAs substrate, the surface opti-
cal phonon peak is no longer detected (upper curve of Fig.
2). By this coverage the thin metal overlayer has com-
pletely screened the electric field of the oscillating sub-
strate atoms. Furthermore, the elastic peak has begun to
narrow [11.3 meV full width at half maximum (FWHM)]
and the background intensity has dropped. Finally, with
the growth of a ~17-A-thick silver overlayer (Fig. 2,
lower curve) only scattering from a thin metal film is ob-
served; the elastic peak is approximately one order of
magnitude - more intense, narrower (6.5 meV FWHM),
symmetric, and the background intensity is low.

The EELS observations which must be reconciled with
theory can be summarized as follows. (1) The full width
at half maximum of the elastic peak increases from 6.5
meV on the clean surface up to 16.0 meV for a coverage
of 2.5 A of silver, and then decreases back to its ongmal
value as the metal coverage is increased from 3.4 to 17 A.
(2) The structures observed at 12—13 and ~36.2 meV are
progressively attenuated as the silver thickness increases.
This attenuation is nearly complete at 2.5 A of silver and
is complete within experimental limits at coverages of 3.4
A and greater. (3) In addition to losses centered at zero
frequency, a distinct background wing is seen to develop
and increase out to coverages of 2.5 A. ‘Beyond this cover-
age the background wing decreases and by the time 17 A
of silver has been deposited the wing intensity is reduced
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FIG. 3. High-resolution EELS spectra of a 3.4-A uniform
silver overlayer grown at 170K (upper trace) and after slowly
warming to room temperature overnight (lower trace).

to the noise level.

The following LEED/Auger observations were also
recorded at 170K after the energy-loss spectra were mea-
sured. The LEED substrate pattern was observed to wash
out for all deposition coverages between 1.7 and 17 A
This indicates that for a deposition temperature of 170K,
the overlayer is disordered rather than exhibiting nucleat-
ed epitaxial registry as has been reported for Ag overlayer
growth at room temperature and above.>® We also ob-
served that the ratio of Ga MNN to As MNN peak
heights involving the 1070- and 1228-eV transitions
remained constant at 1.38+0.02, thus indicating that re-
placement reactions and segregation have not occurred
during the deposition. For the 17-A coverage neither Ga
nor As could be detected. Furthermore, Auger-electron
spectroscopy (AES) showed increased attenuation of the
substrate low-energy transitions ( < 100 eV) relative to the
high-energy transitions (> 1000 eV). Finally, experiments
run with substrate temperatures as low as 120K and sitver
deposition rates varying between ~0.5 and 2 A/min gave
similar results.

B. Silver island formation

Figures 3 and 4 present EELS data pertinent to the
question of whether one obtains uniform overlayer growth
or islandlike formation during low-temperature silver
deposition on GaAs. The discussion of the next section
will show that these spectra can be assigned to scattering
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FIG. 4. High-resolution EELS spectra of a 1.7-A uniform
silver overlayer deposited at 170K (top trace) and after slowly
warming to room temperature overnight (middle trace). The
spectrum shown in the bottom trace is for a similar sample
grown at 300K.

from silver island films. The data in Fig. 3 pertain to a
sample in which 3.4 A of silver was deposited at ~170K.
After taking the initial energy-loss spectrum (upper trace),
the sample was slowly warmed to room temperature over-
night, re-cooled to 170K, and the data in the lower trace
recorded. A similar cycle was employed for the 1.7-A
overlayer as well as performing a growth run at room
temperature rather than at 170K. These results are
shown in Fig. 4. One notes the following. (1) After a
room-temperature cycle, films initially deposited at 170K
show elastic peak narrowing (to ~8 meV FWHM),
recovery of most of the & /surface optical phonon inten-
sity at 36.2 meV, clear evidence for the &_ mode at
12—13 meV, and significant reduction of the background.
In addition, the elastic peak has increased approximately
one order of magnitude in intensity. Although the surface
is far rougher on a microscopic scale in this instance, the
increased intensity is presumably due to the specularity of
the scattering from the exposed, well-ordered substratg.
(2) Room-temperature growth of very thin layers ( ~1.7-A
thick) shows stronger features at 36.2 meV and less back-
ground than samples with the same overlayer thickness
which have undergone low-temperature deposition fol-
lowed by a room-temperature cycle.

LEED observations of the above samples clearly show
substrate diffraction patterns. A high background intensi-
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ty indicative of surface disorder was also noted. In addi-
tion, a few “extra” spots (in no apparent registry with the
substrate), presumably due to large, well-ordered silver is-
lands were also observed. Finally, in contrast to the sam-
ples discussed in Sec. III A, Auger analysis of these sam-
ples show both the high-energy and the low-energy GaAs
transitions. We see no evidence for either Ga or As segre-
gation, however.

IV. DISCUSSION

In this section we are concerned with reconciling the ex-
perimental results presented in Sec. III with theoretical
models which treat the electron-energy-loss scattering
from a generalized three-layer system (vacuum, metal
overlayer, substrate). Two cases will be treated explicitly;
the first, that of a uniform metallic overlayer, and the
second that of isolated metallic islands. The theoretical
expectations for these two cases will be seen to differ sub-
stantially.

Our model is one in which each medium is viewed as a
dielectric, described by a suitable dielectric constant.
Electric field fluctuations in the vacuum above the crystal
are responsible for scattering the electron in the dipole
scattering models used here. Earlier comparisons between
such a theory and experiment show that this picture pro-
vides a quantitative description of near-specular electron
energy losses, in the range of energies used in the present
experiment.’” In this picture, it is the collective excitations
of the conduction electrons in the metal film, along with
the surface optical phonon on GaAs that produce the elec-
tric field fluctuations responsible for the scattering. One
may inquire if particle-hole excitations within the silver
film, omitted in our model, also contribute substantially to
the loss cross section. Recently, Eguiluz® has completed a
very detailed theoretical study of the electron-energy-loss
cross section for backscattering from a thin jellium film;
the particle-hole excitations are included fully in his treat-
ment. They contribute prominently in the limit of large
wave-vector transfer (wave-vector change of electron com-
parable to 2kp, with kr the Fermi wave vector), but at the
small momentum transfers of interest here, their contribu-
tion is negligible. Thus, our view is that the model we use
here contains the essential physics.

A. Uniform metallic overlayer

Since the experiment measures only small angle devia-
tions (+1°) from the specular direction, the dipole mecha-
nism will provide the dominant mode for coupling the in-
coming electron to excitations of the generalized three-
layer system.! It is therefore appropriate to describe the
sample in a macroscopic picture and our model is shown
in the insert to Fig. 5. The GaAs substrate is viewed as a
dielectric, with frequency-dependent dielectric constant
given by

(B)__(B)y, 2
epl) e 4 10 —€= J0TO (1)
OTo— W —iol’
with oo the transverse-optical phonon frequency of the
material. This is overlaid by a silver film, here regarded
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FIG. 5. Calculated EELS spectrum of 0.01-A-thick uniform
overlayer of silver on GaAs. The model employed in the present
analysis is shown in the insert. The GaAs substrate is viewed as
a semi-infinite dielectric medium with dielectric constant €z(w)
and the Ag film a thin dielectric layer of thickness d, with
dielectric constant €,(w).

as a thin dielectric layer of thickness d described by a
dielectric constant

2
Dp

olo+iy)’

€(w)=¢€'¥ —

(2)
where w, is the conduction-electron plasma frequency.

An expression for the inelastic electron-scattering cross
section in the dipole regime was derived in an earlier
work’ for this geometry. If d%S/d Q(lgs)dco is the scatter-
ing efficiency per unit solid angle dQ(l/c\s) per unit fre-

quency dw, then we may write, once certain assump-
1,10

tions " reasonable in the present circumstances are in-
voked,
d’s  2e’m%* |R; |*P(Q),0)

s o B
dQk)de 00 [v20% +(0—V) Q)PP

Here e and m are the electron charge and mass, VII and v,
the velocity parallel and perpendicular to the surface, 6;
the angle of incidence of the beam (measured from the
normal), and | R; |? the intensity of the elastic specular
beam. The energy loss is #w, and 6,1 the wave-vector
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change of the electron, after projection onto a plane paral-
lel to the surface. Kinematical relations may be used to
relate #iw and GII to the_bangular deflection suffered by the
electron.!! Finally P(Q,»), for the present model, may
be written

P(6|,,m)=M[l+ﬁ(w)]Im ——1— (4)
T 14+&Q),0)
where /() =[exp(#w/k T)—1]7!, and
_ _ 14 Alw)exp(—2Qd)
Q) 0)=¢(0) I~ Awlexp(—20,d) (5)
with
Ao)= 228 (0) (6)

o eB(a))+€s(a)) '

A series of numerical calculations of the energy-loss spec-
trum have been carried out using the expressions given
above. We describe the results of these, then discuss the
physical interpretation of these calculations relevant to the
data presented in Sec. III.

The experiment does not measure the angular distribu-
tion of the inelastically scattered electrons, as described in
detail by Eq. (3), but instead collects all electrons which
emerge near the specular direction after suffering energy
loss. The angular range sampled is controlled by the slit
width of the spectrometer. We simulate this by construct-
ing a scattering efficiency per unit frequency interval by
integrating Eq. (3) over the range of wave vectors sampled
in the experiment. We have

ds _ ag, |20%) | _ds ™
do  713|<e, d*Q | dk,)dw

where a simple expression for d Q(fc\s )/d 2QH is found else-
where.!! In Eq. (7), Q. is a cutoff wave vector, chosen to
mimic the spectrometer slit width (~1° in this case).
When the procedure in Eq. (7) is carried out, the angular
integration over the direction of (—j” may be solved analyti-
cally. An explicit expression for the result is given else-
where.!? Then we numerically compute the integral over
the magnitude of QII' In the calculations reported below,
we have assumed the energy of the incident electrons is 5
eV, and the angle of incidence is 60°. We let I'=0.03wq,
and for the conduction-electron relaxation rate in the Ag
film, we used iy =0.2 eV (corresponding to a relaxation
time of 0.3 10~ !* sec for the conduction electrons). The
static and high-frequency dielectric constants for GaAs
are 12.9 and 10.9, respectively. The remaining parameters
are well known for each material.

In Fig. 5, we show the loss spectrum calculated for the
case where the Ag film is very thin, d=0.01 A. While
such a small value of d is unphysical, it will be of interest
to explore the influence of the screening provided by sub-
monolayer quantities of conducting material distributed
uniformly over the surface. The prominent feature near
36 meV is the loss peak from the GaAs surface-optical
phonon, here virtually unaffected by the very thin con-
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FIG. 6. Theoretical EELS spectra of GaAs covered by a 0.1-
A- (dashed curve) and 1.0-A- (solid curve) thick uniform over-
layer of silver.

ducting overlayer. The contribution to the loss spectrum
from the electrons in the Ag film appears at very small
energy losses, to produce the ‘“central peak” which ap-
pears here in the 1—2-meV energy-loss range. In the ex-
perimental measurements, the elastic peak will be super-
imposed on this inelastic contribution. In Fig. 6 we show
the loss structure for a GaAs crystal covered by an Ag
film 0.1-A thick (dashed curve). The GaAs surface pho-
non appears with rather smaller intensity, and the low
energy-loss structure is now prominent, even for a con-
ducting layer this thin. By the time the conducting film is
only 1- A thick (Fig. 6, solid curve), the feature from the
surface phonon is weaker than that in Fig. 5 by a factor of
five, the central peak is now the dominant feature in the
spectrum, and the surface phonon feature is distinctly
asymmetric. In the dashed curve of Fig. 7, the Ag film
thickness is increased to 2.5 A. The surface mode feature
is almost fully suppressed, and it appears as a highly
asymmetric dip in the very broad central peak. By the
time the Ag film is 5- A thick (Fig. 7, solid curve), the loss
feature appears as a very small dip, and when d=20 A
the dip is barely perceptible (Fig. 7, dotted line).

A number of distinct features relevant to the present ex-
periments emerge from the calculations. One notes im-
mediately the additional inelastic scattering intensity of
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FIG. 7. Theoretlcal EELS spectra of GaAs covered by a 2.5-
A- (dashed curve), 5- A- (solid curve) and 20-A- (dotted curve)
thick uniform overlayer of silver.

the central peak whose peak width increases out to a cov-
erage of ~2.5 A and then decreases as the coverage pro-
gressively is increased. The high-frequency (~60 meV)
wing associated with this central peak shows similar
behavior. Both of these features are implicit in the experi-
mental data in the observations of the full width at half
maximum of the elastic peak and background intensity.
Perhaps the most striking feature of the calculations is the
rapid attenuation of the substrate surface optical phonon,
even for very thin metallic layers. Although this feature
is readily detected in the data, due to limited signal-to-
noise, we are at present unable to verify the theoretically
predicted dip or the conversion of the surface phonon line
shape into an asymmetric line.

The features observed above may be understood in rela-.
tively simple physical terms if one considers the nature of
the surface excitations associated with the uniform over-
layer structure.!* Consider first the interface between
GaAs and vacuum, and a thin metal film of thickness d,
also surrounded by vacuum. We may imagine the thin
film of silver in free space, far from the GaAs substrate.
The GaAs surface supports a surface optical phonon, with
frequency g determined by the condition eg(w;)= —1.
This gives, from Eq. (1) w1th v=0, w;=o1o([1
+eP1/[1+P1)172, where € is the static dielectric
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constant of GaAs. The Ag film has two surface modes
for each choice of Q. The first of these, in the limit
Q)|d << 1 relevant to the present discussion, lies very close
to the bulk plasma frequency of Ag, where €,(w)=0.
This is beyond the visible range of frequencies, and this
mode plays no role in the present analysis. The second,
however, is described by a dispersion relation which gives
vanishing frequency as Q| —0. For the isolated film, in
the regime @Q)d<<1, for this mode we have
a)Ag(Q”)—cup(Q”d/Z)l/2 with @, the plasma frequency
which appears in Eq. (2).

When the Ag film is brought close to the GaAs sub-
strate, or overlaid on it, the low-frequency Ag surface
mode will interact with the GaAs surface optical phonon,
to produce new modes of the structure that are admixtures
of these two. The dispersion relations of the new modes
are readily found by noting that they appear as poles in
the loss function in Eq. (4). In the absence of phonon and

plasmon  damping (y=I'=0), the condition
1+&(Q),0)=0 gives
[e,(@)+1] [€(w)+€ep(w)] —20,,d
=e 7, (8)

[e(w)—1] [e(w)—ep(w)]

We are interested in the regime where Q)d <<1, and
® <<Wp, SO Ies(w)| = | —cop/wzl >>1. Then the left
hand side of Eq. (8) is approximated by

1 eplw)
o || e
=1+ 1+ep(w)], (9)
: 1 ep(w) €s(w)[ plel]
n &(w) N &(w)

while the rlght hand side is replaced by 1—-2Qd. Then
with, once again, €,(0)= —a) 2 ?, we are lead to the secu-
lar equation

0*— o0} +0HQ))]+0towX(Q))=0, (10)
where
(B)
2 2 €p +1
W5 =0TO —E?T_:-l— (11a)
is the surface optical phonon frequency for a
GaAs/vacuum interface, and
2
w,Qd
0¥ Q) =L (11b)
o= re®)

is the dispersion relation of the low-frequency surface
mode of the conduction electrons in a thin metal film with
vacuum above, and substrate with frequency-independent
dielectric constant 6 ) below.

From Eq. (10), the dispersion relations of the new cou-
pled modes read

03(Q))=F[0}+0* Q)]
+ 5 {[0f —0™(Q))]?
+4(0] —0To)0™(Q))} /2. (12)

An important parameter is the wave vector Q, for which
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FIG. 8. The collective modes at the surface of GaAs with a
thin metal overlayer. The various quantities in the figure are de-
fined in the text.

the low-frequency collective mode of the film crosses the
GaAs surface optical phonon frequency. This is deter-
mined by setting o, =w(Qy), and we have

1

Qo=g

2
210 | (14€P) . (13)

p

The dispersion relations in Eq. (12), illustrated in Fig. 8,
have the following limiting behavior.

() Q) << Qyp:
( 2_ 2
0} (Q)) =wi + o Q)+, (14a)
$0 0 (Q|)—w; as (_2’“—>O, and
(B) w2Q[|d
0 (Q)) =X Q)= 116&’” , (14b)

the frequency of a surface mode in a thin conductmg film
placed on a substrate with dielectric constant €.

(ii) Q) >>Qp: Then

03 (Q))~0XQ))—20to—a))+ -+, (15a)
while
ol =wfo+ (15b)

approaches the TO phonon frequency of the GaAs film.
Now consider the implications of the above results,
from the point of view of electron scattering from the sur-
face. First, note that for GaAs, w, and ot lie very close
to each other, so for the purposes of this discussion, we
shall ignore the difference between the two frequencies.
The features in the calculated loss spectrum near w; or
wTo are produced by scattering off collective excitations
on the w branch, for wave-vector transfers 0 < Q)1 <Qo,
and from excitations on the w_ branch for wave-vector
transfers larger than Q,. The crucial issue is then the
strength of the electric field fluctuations in the vacuum set
up by these two segments of the dispersion curve. As
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Q)| —0, the w, branch approaches w; which shows that
for Q)| <<Qo, the GaAs surface optical phonon is not af-
fected by the presence of the Ag film. It thus produces
electric fields with strength unaffected by the overlayer.
When Q| >>Q, in essence the GaAs surface mode is
driven down in frequency to wro. But any oscillation -of
the lattice of an ionic crystal will fail to generate a macro-
scopic electric field, if the oscillation frequency is wro.
This is true independent of the spatial variation of the lat-
tice motion.'*

Thus the crucial issue is whether Q. > Qy, or Q, < Qy,
where Q. is the maximum wave vector accepted by the
spectrometer. If Q. < Q,, the feature near w; or wrp is
produced by scattering off the w_, branch; these modes

generate an electric field comparable in strength to that -

associated with the bare GaAs surface, and we see the sur-
face optical phonon at full strength in the loss spectrum.
On the other hand, if Q,>>Q,, nearly all electrons col-
lected by the spectrometer have suffered momentum
transfers very large compared to Qy, and in this region of
phase space, we have no collective modes near w; or wtg
which generate a macroscopic field; the loss peak is absent
or very weak. We may define a critical film thickness d,
by setting Qg equal to Q.. Then, if d >>d,, the GaAs sur-
face optical phonon is suppressed by the Ag film, while if
d <d_, it is present with substantial strength. We have,
from Eq. (13),

@DT10

dy=—
@p

(1+6 ). (16)

For parameters characteristic of GaAs with an Ag over-
lazer (Q, ~10% cm™, wto~33 meV, w,~3.5 eV, and

~13), one has d, =0.1 A, so one monolayer of Ag is
qulte sufficient to suppress the scattering from GaAs sur-
face optical phonons.

Summarizing this section, we see clearly that as the Ag
film thickness increases, a prominent feature centered at
zero energy loss appears in the theory, with a wing that

falls off slowly with increasing energy loss. This feature

has its origin in scattering of the incoming electron off of
the low-frequency collective mode of the metal over-
layer,'® described by Eq. (11b) for all frequencws except
for those near wrg or w, [for GaAs, €5’ and €i? differ lit-
tle from each other, so Eq. (14b) produces a dispersion
curve very similar to Eq. (11b)]. In the data, one very
clearly sees a wing develop in the loss spectrum as the
silver thickness increases, as in the theory. The theory
shows that this feature first increases with increasing Ag
film thlckness, but reaches maximum 1nten51ty when
d=25 A and then decreases with a further increase in
film thickness. Very similar behavior is seen in the data;
compare, for example, the spectrum for the GaAs crystal
covered by a 3.4- A Ag film with that covered by a 2.5- A
film. The background is almost totally absent from the
data by the time d=17 A in accord with theory. Since
the background has its origin in scattering off the low-
frequency collective mode of the thin film, it follows from
its presence in the data that a uniform overlayer has been
formed.
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B. Metallic island growth

The fact that one monolayer of Ag serves to suppress
the GaAs surface phonon depends crucially on the as-
sumption that the Ag is present as a smooth film that
supports a long wavelength, low-frequency collective
mode which couples to the GaAs surface mode over a
wide range of phase space, thus suppressing its macro-
scopic field. If a monolayer’s worth of Ag is instead col-
lected into islands that are each roughly hemispherical,
with AR a measure of the linear dimensions of a typical
patch of open GaAs surface, the hemispheres will be un-
able to screen those GaAs modes with QHAR > 1, since
such short-wavelength modes may propagate on those
portions of the GaAs surface unaffected by the silver.
Thus, if AR ZQ , the surface optical phonon signal will
be strong. In addmon, hemispherical Ag islands only
have collective modes in the v1s1b1e frequency range, near
the plasma frequency ), /(24172 of a Ag film.!® The
absence of a low-frequency collective mode for the Ag is-
lands means that neither a central peak nor a substantial
high-frequency (60 meV) wing are anticipated.

These predictions are born out in detail in Figs. 3 and 4,
particularly for the case where 1.7 A of Ag was deposited
onto a room-temperature substrate. The surface optical
phonon is not quenched to any measurable extent nor does
one observe the significant background and broadening of
the elastic peak seen in the data of Figs. 1 and 2. For situ-
ations where the film was deposited at 170K and then cy-
cled to room temperature, one sees something akin to in-
termediate behavior, i.e., an increase in the surface optical
phonon and decrease, but not extinction of the back-
ground. We interpret this observation to mean that island
formation under these conditions is not complete and that
sections of the sample surface remain with patches of uni-
form overlayers coexisting with Ag islands and undecorat-
ed substrate areas. The conversion appears to be coverage
dependent, since the data for a 3. 4-A film cycled to room
temperature show more “islandlike” features than the
1.7-A data similarly cycled.

Analysis of Figs. 1 and 2 in terms of the growth of a
uniform silver film and Figs. 3 and 4 in terms of metal is-
land formation is consistent with our LEED and Auger
measurements. Low substrate temperatures during metal
deposition produced no LEED patterns, while cycling the
sample to room temperature always resulted in the obser-
vation of diffraction patterns characteristic of the sub-
strate. For pinholes in an overlayer on the order of hun-
dreds of angstroms, one would expect to observe substrate
LEED patterns. Furthermore, previous studies of
Ag/(100) GaAs at room temperature show evidence for
nucleated growth.> Analysis of our Auger data corro-
borates these findings: low-temperature silver depositions
show increased attenuation of the low-energy Ga and As
transitions due to the shorter escape depth of these elec-
trons. Finally lowering the substrate temperature to
170K during the metal evaporation should minimize sur-
face diffusion. This temperature is certainly low enough
to quench island formation since spectra recorded for
silver depositions on substrates cooled to 120K are very
similar.
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V. SUMMARY

In this paper we have shown that thin, conducting over-
layers deposited onto ionic crystal surfaces can completely
quench inelastic electron scattering from substrate vibra-
tional modes. Low-frequency collective modes charac-
teristic of uniform film growth have also been observed.
These new features are not found when the deposited
atoms coalesce into small islands. Thus EELS may pro-

DUBOIS, SCHWARTZ, CAMLEY, AND MILLS 29

vide a new and potentially important method for studying
the structure of thin metal films.
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