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High-resolution electron-energy-loss-spectroscopy (HREELS) measurements have been performed on

Si(111)surfaces heavily p-doped by the decomposition of adsorbed decaborane with subsequent diftusion

more than —1000 A below the surface. After thermal decomposition of the decaborane to produce 8
atoms on the surface the low-energy-electron-di6'raction pattern shows a &3X&3 periodicity due to —,

'

ML of boron in the second complete layer. The HREELS data have two strong features: (1) the 8-Si di-

pole vibrational mode at 96 meV and a broad electronic surface-plasmon mode at -100 meV loss energy
due to the free carriers in the region below the 8-reconstructed surface layer. We have investigated the

energy dependence of the plasmon mode in order to determine the possibility of using HREELS to deter-
0

mine the depth profile of the free carriers due to B di8'usion into the region -50—500 A below the sur-

face. Unexpectedly, we find that kinematic factors play an important role in the energy range used,
1.5—28 eV, and thus limit the degree of quantitative information that can be obtained about the carrier
depth profile from HREELS data in this low-energy range. An approximate depth profile is deduced

from the well-established three-layer model {vacuum-surface-bulk layers) after correcting the plasmon

peak position for the kinematic factors.

I. INTRODUCTION

An important parameter for the understanding of the
space-charge region near the surface of a semiconductor
is the doping density and the doping concentration profile
or dependence on depth from the surface. Although
sputter-profile analysis such as secondary-ion mass spec-
trometery {SINS) can give the atomic concentration
profile, direct measurements of the carrier concentration
profile usually require contacts and/or interface forma-
tion with metals or other semiconductors. It is well
known that one can probe the carrier density through the
low-energy free-carrier plasmon excitation using high-
resolution electron-energy-loss spectroscopy
(HREELS)' since the probing depth can extend to
-3000 A depending upon the excitation energy and the
energy of the incident electrons. In this paper we report
experiments using HREELS to probe the carrier-hole
qlasmon excitation in the space-charge region —50—500
A below the surface of Si(111)doped p type with B. We
have explored the possibility of measuring the doping
profile that occurs after in situ boron doping of the
Si(111) surface by thermal diffusion of surface boron
atoms produced by thermal decomposition of adsorbed
decaborane molecules.

Although the basic idea of using HREELS to study
free-carrier surface plasmons has been explored in a num-
ber of previous studies, ' the B/Si(111) surface is unique

in terms of the lack of intrinsic surface phonons present
in II-VI or III-V compound semiconductors, and the lack
of Fermi-level pinning. The Fermi-level pinning for
complete &3X~3 occupation is near the top of the
valence band as determined by photoemission spectrosco-
py. Thus the depletion depth and space-charge band-
bending potential are approximately zero and the analysis
is somewhat simpMed. This is an important advantage
over other Si surfaces such as Si(100)2X1 whose n-type
doping was studied by Forster, Layet, and Luth. An
effective carrier-hole concentration on the order of —10'
cm has been deduced from the HREELS measure-
ments for monolayer-level boron initially deposited on
the surface. The surface hole plasmon is highly damped
due to the low mobility of carrier holes at such high con-
centrations and to the strong intravalence-band transi-
tions resulting from the small spin-orbit splitting of the
valence band for Si (35 meV). Under these conditions, ki-
nematic effects in HREELS have to be taken into account
in order to give a quantitative description of the
electron-energy-loss features. Dipole scattering theory in

conjunction with the long-wavelength Thomas-Fermi
dielectric function gives an adequate description of the
electron-energy-loss features. However, the ability of
HREELS to probe different regions of the space-charge
layer below the surface is limited by kinematic and finite
spectrometer acceptance angle effects, especially at low
incident electron energies. In spite of these difhculties we

0163-1829/94/50{24)/18134(8)/$06. 00 50 18 134 1994 The American Physical Society



50 ELECTRON-ENERGY-LOSS INVESTIGATION OF HOLE-. . . 18 135

deduce an approximate depth profile for this system using
the well-known three-layer model (vacuum-surface-bulk
layers} due to Mills and co-workers. '

II. EXPERIMENTAL PROCEDURE

The HREELS measurements were performed in an
ultrahigh-vacuum (UHV) system with a typical base pres-
sure of 1 X 10 ' mbar. The HREELS measurements ere
carried out in the specular scattering geometry with a 60'
incident angle at electron energies in the range 1.5-28
eV. The HREELS data were recorded in a pulse-
counting mode at an energy increment of 0.6 meV, and
are presented here without any post-acquisition data
treatment. The boron deposition was carried out by
thermally decomposing decaborane molecules ' initially
adsorbed on Si(111}at room temperature. Subsequent
thermal annealing at 1200-1300 K promoted boron
diffusion into the bulk of Si(111). In addition to an ap-
paratus for HREELS, the chamber contained a cylindri-
cal mirror analyzer for Auger-electron spectroscopy
(AES) to characterize surface atomic composition and
standard low-energy electron-diffraction (LEED) optics
to observe surface order and periodicity. The details of
this study are reported elsewhere. '

The surface structure of the B-modified &3X V'3R30'
Si(111}surface is shown in Fig. 1(a). The surface B atoms
occupy the S5 substitutional site, replacing surface Si
atoms which now occupy the T4 adatom sites to form an
ordered &3X v 3R 30 superstructure on top of the ( 1 X 1)
bulk-terminated Si lattice. The B-atom subsurface S5 site
is in the first Si bilayer directly below the surface Si ada-
toms. " ' The nominal subsurface B concentration is
0.33 per (1 X 1) unit cell or —,

' monolayer.
The existence of an extensive body of knowledge of bo-

ron diffusion in Si allows a reliable estimation of the B
diffusion length in Si(111}under our experimental condi-
tions. For the B concentration of interest here, the
diffusion is in the extrinsic regime, i.e., the diffusion
coeScient is concentration dependent. Based on the an-
nealing temperature and time, an empirical diffusion law
based on the extrinsic model' gives an estimated
diffusion length of 10 -10 A. This distance has been
verified by secondary-ion-mass spectroscopy (SIMS) mea-
surements performed separately ex situ on the doped
Si(111) crystals. Since the typical characteristic wave
vector involved in dipole scattering is -10 A in
HREELS, ' the amplitude of excited plasma wave decays
exponentially into the bulk on a scale ( —100 A) consider-
ably less than the boron diffusion depth. Thus the B-
doped region below the Si(111) surface is essentially
doped uniformly with B-induced carriers in terms of its
dynamic response to the low-energy electrons.

III. EXPERIMENTAL RESULTS

A. HRKELS observation of the 8-Si vibrational mode
and surface hole-plasmon excitation

After boron deposition and annealing to form the or-
dered (&3Xv'3)R30' surface, a typical HREEL spec-
trum taken at 100 K from the Si(111)-B(&3X v'3)R30

surface is shown in Fig. 1(b). There are two very distinct
energy-loss features in the spectrum. The free-carrier
surface-plasmon excitation in the highly B-doped region
below the surface gives rise to a broad energy-loss feature
centered at co =63 meV. Superimposed on this back-

PP
ground is a sharp loss peak at 96 meV (770 cm ) which
is due to a B-Si vibrational mode (surface optical phonon)
localized in the Si-B-Si surface triple layer. In an earlier
work, Rowe et al. have characterized this mode as a
breathing motion of B in the S5 lattice site in Si. They
found this mode at 102 meV in isotopically pure B' sam-

ples doped by ion implantation. In our work the dom-
inant isotope is B",which accounts for the different exci-
tation energy observed.
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FIG. 1. (a) The structure of the Si(111)-B(&3X &3)R30' sur-
face with the &3X&3R30' unit cell outlined. The B atoms oc-
cupy the subsurface, substitutional S5 sites in the first Si bilayer.
(b) HREELS measurement of a well-ordered Si(111)-
B(&3Xv 3)R 30' surface of 100 K with a primary electron ener-

gy ED=3.2 eV. The peak position corresponding to the hole
surface-plasmon low peak, fur», is at 63 meV. The loss peak be-
longing to the localized B-Si optical phonon mode is at 96 meV.
The inset shows schematically the composition of the Si(111)
crystal with the —,

' -ML 8 layer displayed on an expanded scale.
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Since the free-carrier plasmon energy is proportional to
n ' (n is the carrier density), varying the doping level in
Si is expected to have a direct effect on the observed peak
position co due to the surface plasmon. This charac-
teristic density dependence is verified qualitatively in the
HREELS data (Fig. 2) taken at a constant electron ener-

gy EO=6 le. V on selectively B-doped Si(111) with in-
creasing amounts of initial boron dose. For a11 but the
highest exposure the surface plasmon peak position is
proportional to the —,

' power of the surface B density mea-
sured by AES. This indicates that the rate of B diffusion
into the bulk (and consequent density probed by
HREELS) varies linearly with B surface concentration
except at the highest exposures. It is also clear that the
energy of the localized B-Si vibrational mode remains
unaffected by the variation in n. Since this vibration is a
local surface mode originating from the vibration of sub-
stitutional B atoms against the surrounding Si neighbors,
the vibrational amplitudes are localized in the top two or
three atomic layers. Unlike the more delocalized
surface-optical phonons (the Fuchs-Kliewer modes) in
bulk polar semiconductors such as GaAs, ' ' this local-

ized B-Si optical phonon is not expected to couple to the
carrier surface plasmon and thus does not vary with
plasmon energy.

B. Electron energy dependence of hole-plasmon loss

Figure 3 shows a series of HREELS measurements tak-
en at 100 K from a well-ordered (&3Xv 3)8 30' surface
at various primary electron energies Eo. The intensity of
the localized B-Si vibration decreases monotonically with
increasing Eo. This behavior is consistent with the dipole
scattering mechanism which has a (1/Eo )'~ dependence
on the loss intensity. ' Another prominent feature ob-
served from these HREELS data curves is that the loss
feature due to surface-plasmon excitation clearly shows a
pronounced downshift in peak energy with decreasing
Eo. Since the peak-position shift exhibited in the spectra
appears to be similar to what was observed when boron
concentration was changed, it might be tempting to inter-
pret this phenomenon in the context of a changing carrier
concentration n, as the effective probing depth of
HREELS (to be defined below) varies with Eo How. ever,
it has recently been demonstrated for GaAs (Refs. 17 and
18) that the kinematic factor in dipole scattering plays an
important role in surface hole-plasmon excitation due to
the high damping factor I for low mobility p-type semi-

N

C

E =6.1 ev0

T='100 K

v(B-si)

EA
Vl
O

LLJ

I I I I

0.00 0.02 0.0h 0.06 0.08 0.10

B(KLL)/SI(LW)
Auger Ratio

0.087

M

C

si(» ~)-e(v'~xd&)
08=8 =60

S

T=100 K

E0(ev)

2.2

0.021 O 3.2

0.015
10.0

0,014 15.0

20 0.01 3
20.0

24.0
0 100 200 300 400

Electron Energy Loss (meV)
x20 28.0

FIG. 2. HREELS measurements of surface hole-plasmon ex-
citation on selectively 8-doped Si{111).The incident electron
energy is 6.1 eV at a 60 incident angle. The spectra correspond
to increasing boron concentration in the near-surface region fol-
lowing successive boron deposition and annealing cycles. The
inset shows a plot of {hE) vs the 8/Si Auger ratio with
LE=%co p.
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FIG. 3. HREELS measurement from a well-ordered Si{111)-

8 surface as a function of incident energy, Eo, at 100 K. The
dashed line marks the energy of the 8-Si vibrational mode,
h v{8-Si).
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conductors. Thus any quantitative interpretation of the
Eo-dependent spectra obtained here has to take this fac-
tor into account. In order to fully address these physical
issues contained in our experimental measurements, we
next present a model dielectric function analysis of the
electron-energy-loss cross section based on the well-
known dipole scattering mechanism. ' This is followed by
a comparison of numerically simulated energy-loss spec-
tra and experimental measurements. Finally we deduce
an approximate free-carrier depth profile using the well-
known three-layer model developed by Mills and co-
workers' after correcting the measured plasmon peak
position copp for kinematic factors to yield the surface-
plasmon energy ru, .

IV. THEORETICAL ANALYSIS

A. Model dielectric function

erF(co, k) =e„— 4m.e n

m [co2+ icoI —D(k) ]
2

COp

co2+ icoI —D (k)

with D(k)= —,'k vF, where v~ is the Fermi velocity, co is

the bulk plasma frequency, and c„ is the high-frequency
dielectric constant. The damping factor I is directly re-
lated to the carrier-hole mobility p& by

(2)

The efFective mass of the carrier holes is taken from the
contribution of both light and heavy holes in the form'

1h hh+
nh m lh nh mhh

where n1h and nhh are the concentration of light and
heavy holes in Si.

In the limit of long wavelength and zero damping, the
surface-plasmon frequency co, is defined as

' 1/2
COp

Qe„+1
4me n

m(E„+1) (4)COSP—

which relates co, directly to n '

This choice of dielectric function is based on the fol-
lowing physical considerations for our system: (i) the k
range involved in our near-specular HREEI.S measure-
ments is at least one order of magnitude smaller than the
Fermi wave vector kz at the current carrier density
( —5 X 10 cm ) under study. Thus the experiments
essentially explore the dielectric response of the system in

We adopt a long-wavelength, local-dielectric-response
theory upon which to base our model calculation and
consider only a constant (uniform density) carrier con-
centration n for simplicity. The dielectric response of the
free-carrier holes is assumed to be described by the
frequency- and wave-vector-dependent Thomas-Fermi
dielectric function c~z.

the long-wavelength limit. (ii) At such a high doping lev-

el, the Thomas-Fermi screening length is very short (a
few A) compared to the depth ( —10 A) of the free-
carrier space-charge region. Thus a physical condition
exists to apply the local dielectric response formalism. In
addition, a quantitative comparison between the local
response and a nonlocal theory' ' under accumulation
layer conditions indicates reasonable agreement between
the two at long wavelengths, the important region for di-
pole scattering geometry HREELS.

B. Dipole scattering mechanism and kinematic e8ects

In the dipole scattering theory which describes the
electron-energy-loss process due to collective excitations
at a solid surface, the spectral intensity l(co } or
differential cross section (normalized to the elastic inten-
sity) is represented in a two-dimensional (2D) momentum
space integral' which contains a product term of the ki-
nematic factor and the loss function Im[ —I/(a+1)] in-
tegrated over the parallel momentum-transfer range Q„
defined by the spectrometer acceptance angle 8, :

4e vl ks Qd'Q
I(co)= q'q. [v Ql +(co v 'Q) ]

P

X [1+n(co}]1m
eco, +1

(5)

where kz and ks are the wave vectors of the incident and
scattered electrons. Inside the k-space integral, the kine-
matic factor acts as a weighing function on the loss func-
tion, Im[ —1/(e+ 1)], at each parallel momentum
transfer Q. If we are in the parameter regime of small
damping, where the loss function consists of sharp peaks
with narrow widths (such as the optical phonons in an
ionic crystal), varying the kinematic factor only modu-
lates the intensities of the energy-loss peaks in the final
outcome of the k-space integral in I(co) (assuming small
dispersion of e). The loss peak positions essentially coin-
cide with the poles in Im[ —1/(a+1)]. On the other
hand, if the low function contains a broad frequency
response due to large damping, kinematic effects will then
become important in determining the peak position in the
difFerential cross section, I(co}. This latter case of loss
function Im[ —1/(a+1)] is encountered in the current
study of surface hole-plasmon excitation in the heavily
B-doped Si(111) due to large damping. Again, under the
conditions of negligible dispersion with k, the energy po-
sition of the observed loss peak in I(co) differs from the
peak position of Im[ —1/(a+1)] by virtue of the strong
co dependence of the kinematic factor. At the highest
doping levels currently achieved, the damping width of
the hole plasmon, I, is comparable to the surface-
plasmon frequency cps, due to strong scattering of carrier
holes by the ionized dopant atoms. Under this cir-
cumstance, the observed loss peak position copp can no
longer be simply equated to co, as defined by Eq. (4), and
a full evaluation of I(co) is generally necessary in order to
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obtain co, , n, and I from the measured energy-loss spec-
trum.

Another well-known aspect of the kinematic effect in
dipole scattering is the selectivity in g, the parallel
momentum transfer, with varying Eo. At a given Eo and
for a given energy loss fico, the kinematic factor (or the di-
pole angular lobe) peaks sharply at a particular wave vec-
tor Qp (fico/2Ep)kp ~ Consequently, a region of the
space-charge layer defined by an effective sampling depth,
d,s-gp ', is selectively probed by the low-energy elec-
trons. ' It has been suggested' ' that this property can
be utilized as a potentially meaningful experimental tool
to probe the dynamics of a nonuniform space-charge lay-
er in a depth-resolved fashion, especially in the near-
surface region (10 —10 A). However, by varying the in-

cident electron energy Eo, not only the sampling depth

ff is changed, the kinematic factor is also effectively
changed as well. Under the condition of large damping,
the kinematic effects of varying Eo should also be con-
sidered in interpreting the Eo-dependent plasmon loss
spectra. This analysis for the B-doped Si(111)surface will
be presented below with a numerical evaluation of Eq. (S)
using parameters best representing our experimental con-
ditions.

V. COMPARISON BETWEEN THEORY
AND EXPERIMENT

x20
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FIG. 4. Comparison between calculated and experimental

HREELS loss intensity spectra. The solid theoretical curve is

based on the Thomas-Fermi model dielectric function, e», and

dipole scattering theory. The best fit to the experimental spec-

trum is obtained with nz =5.4X10' cm ' and a damping fac-

tor I =74 meV, which corresponds to a surface-plasmon fre-

quency co,~=102 meV and a loss peak position capp 88 meV.

The dashed curve is the k-integrated lost function

1m[ —1/(E+1}]. A Gaussian function with 11-meV FWHM
has been used to simulate the elastic peak.

The model calculation incorporating both the dipole
scattering kinematics and the model dielectric function is
carried out numerically by assuming a circular spectrom-
eter aperture and a fixed value of 8, =2.5'. This will pro-
vide the basis for a more quantitative analysis of the ex-
perimental data and understanding of the physics con-
tained in the HREELS measurements.

As a start, we apply the formalism outlined above to
generate a theoretical energy-loss spectrum. The carrier
density n& and damping factor I are used essentially as
fitting parameters to the experimental spectrum. Figure
4 shows the comparison between the measured data
(points) and the fit (solid line). The overall quantitative
agreement between theory and experiment is good. It
should be pointed out that theoretical curve is not sensi-
tive to 8, because at ED=24 eV, the scattered electron
angular distribution is very narrow and the dipole lobe
peaks only 8&0.2' away from the specular direction.
Virtually all the scattered electron intensity is collected
by a spectrometer aperture, 8, =2.5, used in the calcula-
tion. The best fit yields n& =5.4 X 10' cm and

Acopp 88 meV, which corresponds to A~, = 102 meV.
We treat the carrier density n& determined in this fashion
as an "effective" carrier density which is an average over
the distance of the effective electron sampling depth, d,z,
defined earlier. At ED=24 eV, this distance is d,z-220
0
A at the observed plasmon peak energy. The damping
term I is related to the carrier (hole) mobility p„ through
Eq. (3} given in Sec. IV A, from which a value pi, =54
cm /Vsec is obtained through the fitting. This value
agrees well with the reported bulk hole mobility in heavi-

ly B-doped Si. ' Also plotted in Fig. 4 (dashed curve) is

the k-integrated loss function Im[ —1/(a+1)], which is

used to illustrate the effect of the kinematic factor. Its
behavior shows that in the k range explored in

HREELS, dispersion in eTF has only a negligibly small

effect on the energy-loss peak position. The dominating
factor for shifting the peak position away from that of
Im[ —I/(a+1}] is the strong co dependence of the kine-

matic factor. It is clear from Fig. 4 that when co,„-I the
full spectrum I(co) and the k-integrated loss function

Im[ —1/(E+1)] peak at diff'erent co values. Note that
neither peak position corresponds to the surface-plasmon

energy co, , defined by Eq. (4). For precisely this reason,
the determination of n& from the observed loss peak posi-

tion is no longer straightforward. A simplified relation
linking the observed loss peak position Npp and the
surface-plasmon frequency co, has been given by Meng
et at. ' under the approximation of a 1/co-like behavior
of the kinematic factor, i.e., the Drude model for the
dielectric function.

Next we use the same fitting parameters to generate a

set of simulated spectra with varying Eo. These results

are shown in Fig. 5. Varying the electron energy Eo, as

noted before, effectively varies the efFective electron prob-
ing depth d,& and the kinematic factor. It can be seen

from the calculated energy-loss spectra that the major
effect is a modulation of the loss intensities. For electron
energy Eo & 5 eV, the loss peak position remains essen-

tially unchanged. Below this electron energy, a widening
dipole lobe which moves away from the specular direc-
tion results in an intensity cutoff on the high-energy-loss
side due to a finite spectrometer acceptance aperture 8, .
This high-energy-loss cutoff causes the overall weight of
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to be 8, =2.5'. The results of this Stting procedure are
shown in Fig. 6(a) for the peak position co and the
surface-plasmon energy co, . - Note that the surface-
plasmon energy varys much more slowly with energy
than the peak position, as expected from the detailed
analysis at Eo =24 eV presented above.

The data in Fig. 6(a) were then modeled with the well-
known three-layer model dielectric function derived by
Mills and co-workers. ' This model function uses the
thickness of the surface dielectric region, D,I, as an ad-
justable parameter. Initially we chose only the B-Si vi-
brational mode and an energy-independent constant
dielectric function e,„=11.7, appropriate for an undoped
full-depletion layer at the surface. However, this choice
lead to an unexceptably steep decrease in the value of N p
at low energy for reasonable depletion depths, which con-
tradicts the results shown in Fig. 6(a). Then we chose a
surface dielectric function that had a finite doping level
lower than that of the bulk, which was fixed at 5.4X 10'
cm . The resulting fit shown as the thin solid line of
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FIG. 5. Calculated energy-loss spectra I(m) as a function of
s0 based on the best-fit parameters discussed in the text. The
solid curves are for a spectrometer acceptance angle 8, =2.5,
the dashed ones are for 8, =3.0.

the energy-lass features to shift toward the lower-energy-
loss side. Numerical calculation with two difFerent 8,
values clearly indicates this efFect, as shown in Fig. 5.
Even with a constant carrier density nz, such kinematic
efFects are strong under the condition of large damping of
the loss function Im[ —1/(s+ 1)].

Comparison between the experimental data (Fig. 3) and
the theoretical simulation in Fig. 5 shows reasonable
qualitative agreement. The general behavior of the loss
intensities exhibited in the experimental spectra are fairly
well reproduced in the simulation. However, the experi-
mental spectra show a more pronounced peak shift than
the simple uniform density model dielectric function
would predict at a physically reasonable spectrometer an-
gular acceptance. This suggests that there is a contribu-
tion from a nonuniform carrier concentration profile
(such as a depletion layer) in the near-surface region
(0—200 A) that enter into the measured energy-loss spec-
tra. In order to extract quantitative information about
the surface-plasmon energy as a function of incident ener-
gy Eo, we fit the spectra in Fig. 3 similarly to the method
above. The damping parameter I, the plasmon energy
co, , and a quadratic polynomial for stimulating the back-
ground due to the elastic peak are used as parameters.
The damping parameter was found to be only weakly en-
ergy dependent, as was the quadratic background polyno-
mial. In addition, a Voigt function at a fixed energy of 96
meV and width of 15 meV was used to represent the 8-Si
vibrational mode. The spectrometer aperture was chosen
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Part (b) shows the depth dependence for the three-layer model
and for measurements of the boron concentration using secon-
dary ion mass spectrometery (SIMS).
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Fig. 6(a) gave a surface layer thickness D,f =110 A,
which compares with the average HREELS probing
depth of 174 A at EO=15 eV. The surface doping level
in the model was found to be 2X10' cm . This density
(over the surface layer thickness D,s=110 A) is a total
number of carriers of 2.2X10' cm, or 0.03 mono-
layers. The decreased carrier concentration may be due
to the potential well for surface segregation of boron to
maintain the surface monolayer at 0.33 monolayer for the
reconstructed surface. Such a small number of carriers at
this surface layer thickness produces only a weak -kT
amount of band bending which would be diScult to mea-
sure in photoemission.

The nonuniform carrier concentration over the
HREELS probing depth (50—250 A) is further substan-
tiated by ex situ dynamical SIMS analysis performed on
this Si(111)crystal, shown in Fig. 6(b) along with the re-
sult of the three-layer model fit. The sputter-profile mea-
surement verifies the existence of boron concentration
gradient which is characterized by a sharp decrease
(about one order of magnitude) in boron concentration
over the initial -200 A in depth. This trend is in good
agreement with the result of the HREELS analysis
presented above. The quantitative magnitude of the de-
creased 8 concentration measured by SINS is likely to be
infiuenced by the necessity of removing the sample from
the UHV chamber. Exposing it to room air probably
causes the very near-surface concentration to be
infiuenced by oxidation prior to the SIMS measurement.

The dependence of the efFective probing depth d,z on
the electron energy has been discussed in the past. A
number of studies (mostly on group III-V semiconduc-
tors) have been carried out ' ' under various bulk
doping conditions. Our current results clearly suggest
that in the limit of small damping (such as for the high-
mobility electron-doped III-V semiconductors), the utili-
zation of the depth-probing capability of HREELS is
more successful than other materials. However, when
the plasmon damping I becomes comparable to the
plasmon energy fico, , kinematic effects in HREELS due
to finite momentum integration of the analyzer will limit
the interpretation of the observed energy-loss spectra un-
less detailed corrections are made for the energy- and
momentum-dependent kinematic factors.

Finall, we briefiy discuss the role of the ordered
(+3X 3)R 30' subsurface B layer which has been large-
ly ignored in previous treatments. As a p-type dopant in
bulk Si, B produces charge carriers (holes) in the Si
valence band via thermal exitation of valence electrons
into the 8 acceptor levels near the edge of the Si valence
band. However, we argue that based upon the unique
surface electronic structure of the boron-modified Si(111),
the ordered —,'-ML 8 atoms are electrically inactiue in
terms of fulfilling their usual acceptor function. Because
of the termination of the bulk crystal structure and the
(~3X /3)R 30 surface reconstruction, these subsurface
8 atoms no longer provide similar acceptor levels near

the edge of the Si valence band as bulk dopant 8 atoms
do. The 8-induced band-gap surface states lie 1.3 —1.8
eV above the valence-band maximum (VBM), and
remain unoccupied at 100 K while the electron density
originally associated with the surface Si adatoms redistri-
butes toward the subsurface 8, producing an occupied
surface state below the VBM. As a result, no charge car-
riers (holes) are produced in the bulk Si valence band by
these specially coordinated subsurface 8 atoms, and no
band bending occurs. In the energy range of interest
here, the dielectric response of this near-surface layer
only comes from the 8-Si optical phonon plus the contri-
butions from the ion cores and possible two-dimensional
plasmons which have been discussed for the BlSi(ill)
surface in previous work. ' '

VI. SUMMARY AND CONCLUSIONS

We have used HREELS to explore the dielectric
response in the near-surface region of a highly 8-doped
Si(111)crystal. The main conclusions can be summarized
as follows.

(1) Following the thermal diffusion of boron in Si(111),
surface-plasmon excitation due to the free-carrier holes
has been observed by specular scattering HREELS at 100
K in the electron energy range 1.5-28 eV. The hole
plasmon is highly damped due to the scattering of car-
riers by the ionized dopants and contributions from
intravalence-band transitions.

(2) The dipole scattering theory combined with a
Thomas-Fermi model dielectric function has been shown
to provide a proper description of the electron-energy-
loss cross section. Kinematic effects have to be taken
into account in order to make a quantitative interpreta-
tion of experimental electron-energy-loss features and
deduce the surface-plasmon frequency co,p.

(3) At very low electron energies (Eo ( 5 eV), the com-

bination of strong damping and finite spectrometer ac-
ceptance angle cutofF complicates the quantitative inter-
pretation of the experimental HREELS data.

(4} Evidence for a nonuniform carrier concentration in
0

the near-surface region ( &300 A} has been found by
comparison of HREELS data and model calculations us-

ing the well-known three-layer model with a surface dop-

ing density about 0.4 that of the bulk. The lower density

may be due to the strong tendency of 8 atoms to segre-
gate to the reconstructed surface layer which competes
with the bulk indiffusion.
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