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In many respects electron-beam excited secondary-electron-emission spectra (SEES) from the
(111)7X 7 surface of 10-Q) cm n-type silicon are like those from metals: The maximum in the secondary
current is observed within a few eV of the threshold, and, with negative potential (with respect to
chamber ground) applied to the sample, V, the spectra retain their shape while their detected kinetic en-
ergy increases by eV;. The shapes of SEES from 10-Q cm p-type samples are different in a gross qualita-
tive way: Secondary currents for kinetic energies out to 8 eV above threshold are greatly reduced, with
the maximum in the distribution occurring at a kinetic energy of about 12 eV above threshold. With
negative potential applied to the sample the shape of the spectra change, until at a value of ¥, of about
—12 V the shape observed for the n-type samples is recovered. With more negative values of V; this
part of the SEES retains its shape, while its detected kinetic energy increases by eV, again just like those
for metals. In addition to these electrons, for —12 < ¥; < —300 V another group of secondary electrons
is observed to emerge from the sample, but from outside the beam landing area, and with energies close
to chamber ground. The observation of secondary-electron emission at two distinct energies indicates
that under these conditions this silicon surface is a nonequipotential surface. A model for all of these ob-
servations is presented in terms of mobile surface excitons, whose existence was previously demonstrated
from angle-resolved energy-loss spectra. These long-lived excitons consist of a selvedge electron bound
to a surface-state hole; the selvedge region lying between the bulk crystal and the image potential. A
mode of formation of these surface excitons is postulated; electrons impinging on the surface from within
the crystal, with energies greater than 1.5 eV above the bottom of the conduction band, can be captured
by surface holes to form surface excitons. The unusual SEES is associated with the surface being p type.
Bombardment of the (111)7X7 surface of p-type silicon by electrons with energies between 40 and 300
eV is an effective way of producing long-lived surface excitons. It is suggested that this technique consti-
tutes a source which can produce surface excitons for study by other probes. There is evidence for the
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formation of surface excitons in scanning tunneling, and in inverse photoemission spectra.

I. INTRODUCTION

The spectra discussed here are of the low-energy
(E <20 eV) secondary electrons which emerge from a sil-
icon (111)7X7 surface under bombardment by a higher-
energy (E > 40 eV) electron beam. The field of electron-
beam excited secondary electron emission spectra (SEES)
is sufficiently established to have associated with it a stan-
dard model to describe the gross spectral features. It is a
three-step model: excitation, followed in turn by trans-
port, and emergence into the vacuum.'! The excitation
step is mainly by plasmon formation, as can be verified by
studying the energy-loss spectra (ELS) of the sample.
The transport starts from the decay of the plasmons into
single-particle states. The resulting energetic electrons
and holes in turn excite electron-hole pairs in a cascade
process until the excess energy is dissipated. Electrons
from the resulting distribution which impinge normally
on the surface with sufficient energy are transmitted to
the vacuum with a probability which approaches unity
for energies greater than about 0.3 eV above the vacuum
level. This model was established from considerations of
SEES from metallic samples, although it is used for other
samples as well. Its main prediction is the shape and am-
plitude of SEES.

In contrast with the situation for metals, the investiga-
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tion of SEES from single-crystal silicon is a subject in its
infancy. Since the ready availability of ultrahigh-vacuum
(UHYV) systems in the early 1960s, I can find just seven
papers on SEES from the silicon (111)7X7 surface,2”®
compared with the 25 papers on photoemission spectra
from that surface.’ For n-type samples of 5-Q cm resis-
tivity, and for takeoff angles within 50° of the normal, the
SEES are accounted for by the standard model. SEES
from the (111)7 X7 surface of p-type silicon have not been
reported before.

The angle-resolved SEES reported here are for a range
of doping corresponding to bulk resistivities of between
5-Q cm n-type and 10-Q cm p-type. Spectra from the 5-
and 10-Q cm (low-resistivity) n-type samples are the same
as reported previously.’”’ However, with increasing
ease, samples of bulk resistivity from 100-{ cm n-type to
10-Q cm p-type show three features which cannot be ex-
plained by the standard model. For the case of minimum
electric field between sample and chamber, the secondary
current is reduced compared to that from low-resistivity
n-type samples. With increasing negative sample bias,
relative to chamber ground, the shape of the SEES
changes dramatically, which is not the case for the low-
resistivity n-type samples; and for a range of negative
sample bias relative to chamber ground, the appearance
of certain features in SEES indicates that there are two
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regions of different electric potential at the surface. The
observations are sufficiently unexpected that I have done
considerable checking of them, and the validity of the re-
sults is beyond doubt insofar as I can do the same experi-
ment sequentially on n- and p-type samples, respectively.
The tests I have done rule out systematic errors such as
those due to stray electric or magnetic fields, or due to
nonsample emission.

The work described here is primarily experimental.
However, the results do conform to the predictions of a
model. The strengths of the model are that it qualitative-
ly describes the whole range of unusual SEES in a con-
sistent manner, and that it quantitatively accounts for the
energies of peaks in SEES. The model contains features
which are unusual, at least for surfaces. This is to be ex-
pected, as by definition unusual data require for their ex-
planation a model that is out of the ordinary. These
features include the production of long-lived surface exci-
tons by the capture of electrons by surface holes, and the
transport of energy by surface excitons. Predictions have
been made from the model so that it can be tested.

Section II of the paper is experimental, in which details
of the apparatus and method are described. Results and
discussion follow in Sec. III. The data are basically of
two kinds. The main results are SEES which are unusual
in that they cannot be interpreted in the same way as
spectra from metals or from low-resistivity n-type silicon.
The interpretation of these data requires a more compli-
cated model than the standard one, and this model is
presented later. Along with the main results are ancilli-
ary measurements, ELS and Auger spectra. Where the
interpretation is straightforward these data are discussed
along with its presentation. Subsections in Sec. III in-
clude one on the validity of the data, in which those as-
pects of the results most relevant to establishing validity
are collected. The model is presented and discussed in
Sec. IV. Relevant background information from the
literature concerning the electronic structure of the
(111)7 X7 surface, including surface excitons, is first de-
scribed. The model is presented and discussed in two
parts, one quantitative and one qualitative. Predictions
from the model are made, and other measurements which
show the effects of surface exciton production are dis-
cussed. A summary and conclusions are presented in Sec.
V.

II. EXPERIMENT

Two different apparatus have been used in these experi-
ments, although in the same low-magnetic-field
ultrahigh-vacuum (UHV) chamber. Apparatus 1 and the
chamber and pumping system have been described be-
fore.’® The same magnetic shielding has been employed
for both apparatus, attenuating the field to less than 7
mG over the scattering region. With this field it is pre-
dicted that electrons with energies of less than 0.25 eV
can travel from the sample to the entrance aperture of
the spectrometer with less than 1° deviation, a prediction
verified in operation.’

While apparatus 1 was versatile in allowing angles both
of incidence and takeoff to be varied independently, it
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was cumbersome to align and use, so apparatus 2 was
constructed. In this apparatus the gun, spectrometer,
and sample holders are all bearing mounted on a
stainless-steel U frame (Fig. 1), in turn bolted to the
chamber. The inside dimension of the Uis 19 cm. Rota-
tions of the electron gun and the spectrometer supports
are effected by manual rotary-motion UHYV feedthroughs
joined to the axles of the loads by leaf-spring couplings.
These axles share a common axis, XX’ of Fig. 1, which is
referred to as the principal axis. The use of an angular
scale outside of the vacuum chamber is not optimum for
accurate angular measurements. Once backlash is re-
moved, angular displacements are repeatable to within
0.5°. Alignment of the components, so that the mechani-
cal axes of the gun and the spectrometer both intersected
the center of the sample surface perpendicular to the
principal axis, was done mechanically while the ap-
paratus was outside the chamber. Each electron-optic
axis and its corresponding mechanical axis are not neces-
sarily colinear. Deflector plates at the exit of the gun
were used to effect final alignment, using low-energy
electron-diffraction (LEED) and SEES features as moni-
tors.

The sample was held in place by two tantalum clips,
one at each end of the 19 X4X0.3-mm wafers. The clips
were constructed so that the principal axis of the ap-
paratus was parallel to, and at the front surface of, the
sample. In general, the desired atomic planes are not pre-
cisely parallel to the polished surface of a wafer, so a
small corrective rotation must be applied to the sample to
align the atomic planes to the principal axis. That was
effected by mounting the sample goniometer support arm
on an axle (axis Y of Fig. 1) whose orientation was also
controlled by a rotary-motion feedthrough. The coupling
to this axis is by a key at the end of a rotary-feedthrough
drive, which fitted into a keyway in the drive shaft of the
goniometer support. The sample azimuthal angle (mea-
sured about axis Z of Fig. 1) was driven by a wire-
connected coupling (part a of Fig. 1). This arrangement
gives sufficient flexibility to permit rotations of +1° about
the Y axis. These alignment facilities are necessary to re-
peat the earlier published results, for which precise copla-
nar alignment of incident beam, takeoff direction, and a
high-symmetry crystal plane are required. The present

FIG. 1. The support frame for the electron gun and spec-
trometer for angle-dependent measurements of SEES and ELS.
The spectrometer and gun holders share axis XX’, while the
crystal, whose surface lies in XX', is supported on a bearing
whose axis is collinear with Z. Part a is a wire-connected cou-

pling.
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SEES results can be reproduced easily without such pre-
cise alignment.

The spectrometer consists of a hemispherical analyzer
preceded by a lens of the same type as used previously.'!
The angular divergence of electrons passing from the
analyzer to the channeltron electron multiplier detector
was limited to 5°, in order to minimize the detection of
stray electrons scattered from the walls of the analyzer.
The analyzer was run at pass energies E, of between 4
and 25 eV, and had an intrinsic resolution (dE /Ep) of
0.03, and a mean radius of 2.5 cm. The angular accep-
tance of the analyzer was constant for most electron ener-
gies. The spectrometer case potential was that of the
chamber ground. Secondary electrons with kinetic ener-
gy relative to the chamber ground, E, of less than the
chosen pass energy must be accelerated into the spec-
trometer by the action of the entrance lens. In that case
it is found that the overall collection efficiency changes
with E. It is relatively easy to measure this efficiency and
to correct for it.!° The collection angle for low-energy
electrons gives a viewing circle at the sample surface of
between 4 and 6 mm, depending on the ratio of the spec-
trometer pass energy to the kinetic energy relative to
chamber ground. The sample clips are well out of view of
the spectrometer. LEED measurements were made for
all surfaces for which SEES are reported, except for those
from the oxide-covered surface. Observed LEED pat-
terns were consistent with a silicon (111)7X7 surface.
Analog detection of the current from the Channeltron
electron multiplier using a Keithley picoammeter was uti-
lized for all samples. Pulse detection was also used for
measurements on the 1500-Q) cm n-type sample.

The electron gun was similar in form to that used in
apparatus 1. Oxide cathodes were used in both ap-
paratus. The cathode was replaced for each pumpdown,
requiring bakeout before and after cathode activation.
The overriding advantages of the oxide cathode are its
low power requirement (< 1.5 W) and the low filament
current it needs (<0.25 A). The size of the electron-
beam spot is calculated to be 0.5 mm, a value verified by
measuring the sample current as the beam is swept across
the edge of the sample, using the sample width (4 mm) to
calibrate the deflection system. The maximum current
reaching the sample in both apparatus was 0.3 pA, al-
though lower currents were sometimes utilized. The
lower currents were obtained by applying negative bias to
the grid electrode of the electron gun at constant filament
current. Depending on beam current and energy,
diffraction spots had a full width at half maximum
(FWHM) of from 0.75° to 1.5°.

The silicon (111)7 X7 surface is one of the few surfaces
that can be cleaned by heating in UHV. Wafers were
chemically cleaned by the method described by Hender-
son.?  After installing in the chamber, an
ultraviolet/ozone treatment was used prior to pump-
down."® Heating in UHV at 1170 K for 15 min then pro-
duced a well-defined 7X7 LEED pattern. This pro-
cedure gives ELS which are characteristic only of the
clean surface.

When measuring SEES of low-resistivity n-type sam-
ples the sample potential is adjusted so that the electric
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field between the sample and spectrometer is minimized.
For the value of V; which eliminates the electric field be-
tween sample and spectrometer, the emitted electrons
will move to the spectrometer entrance and be detected
without serious distortion of the SEES. For V; more neg-
ative by AV, all secondary electrons will be detected
with an energy larger than before by e AV, where e is the
electron charge; the shape of the distribution will be un-
changed, and the spectra will be observed at an energy
larger by eAV,. For positive AV, electrons with energy
above the silicon vacuum level by an amount less than
eAV, will not reach the spectrometer. The shape of
SEES will be changed. These effects are demonstrated in
Fig. 7 of Ref. 10. The procedure for finding the
minimum field is then clear: measure SEES as a function
of V,, and choose the most positive ¥V for which the
spectral shape is unchanged. If spectra only at normal
emergence are to be measured, then a value of V; more
negative than the field-free value will not cause distortion
of the spectra. For angle-dependent measurements in a
system without hemispherical symmetry about the sam-
ple, however, the minimum value electric field should be
used. If the work functions of the sample and the spec-
trometer case, respectively, are the same, a value of
V,=0 would give rise to a field-free region. The magni-
tude of the measured value of ¥ to achieve the field-free
condition has consistently been less than 1.5 V in both
apparatus.

In both apparatus 1 and 2 an instrument artifact that
cannot be eliminated has been observed. For increasingly
negative ¥V, at takeoff angles close to the surface normal
the SEES are detected at higher values of E, as described
above. Ideally in those cases no current should be detect-
ed at energies below the threshold step of SEES. In fact
an artifact is observed at low kinetic energies in the spec-
tra from the low-resistivity n-type samples. The asym-
metric feature is broad (~6 eV width) and structureless;
its amplitude is small compared with that of any feature
discussed here or previously, and decreases monotonical-
ly with more negative V,. It is probable that the elec-
trons contributing to this feature are stray secondaries
emerging from the region of the spectrometer case
around the entrance aperture.

III. RESULTS AND DISCUSSION

A. Results

Energy levels for the experiment are represented in
Fig. 2(a), where Fermi levels, work functions (W), and ap-
plied potentials (V) between the chamber ground, cathode
(c), and sample (s) are shown. The main spectral features
observed for low-resistivity n-type silicon samples are
shown schematically in Fig. 2(b); the abrupt threshold
preceding the low-energy peak of secondary electrons is
at energy “D” from the elastic peak, where

D=eV . +W, —eV,— W, , (1)

where D is accurate to within the sample band gap [1.1
eV (Ref. 14)] plus the cathode thermal energy. I refer to
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FIG. 2. (a) Energy-level diagram showing the work functions
(W), applied potentials (¥), Fermi levels, and vacuum levels of
the sample (subscript s) and cathode (subscript c). (b) Schematic
energy spectrum of electrons emerging from a sample which is
bombarded by electrons from the cathode, showing the peak of
elastically scattered electrons, and the low-energy peak of
secondary electrons. The threshold of the low-energy peak is
normally observed at an energy “D” from the elastic peak [Eq.
(D]. (c) Ratio of reduced spectrum to standard SEES for the
(111)7X7 surface of p-type silicon. The current at the low-
energy region of the reduced SEES is greatly attenuated.

this shape as standard. The work functions of the oxide
cathode and the silicon (111)7 X7 surface are 1.8 and 5.3
ev, respectively.ls’16

Measured SEES from n-type samples with 5- and 10-
Q cm resistivities showed only standard shape in both ap-
paratus, for all beam currents used. I will describe results
from 10-Qcm p-type, 1.5-k Qcm n-type, and 100-Q cm
n-type samples, in that order.

1. 10-Q cm p-type samples

SEES from two 10-) cm p-type samples were measured
in apparatus 2, with measurements of a 10-Ql cm n-type
sample interspersed between these. A typical series of
SEES for V,=0 as a function of the takeoff angle is
shown in Fig. 3, where the energy scale refers to the ki-
netic energy relative to the leading edge of the low-energy
peak labeled X. At V,=0 this zero of the energy scale
happens to be at the vacuum level of the silicon (£1.1 eV)
as judged from the energy of the elastic peak and Eq. (1).
For all values of V¥, the zero of the energy scale used in
displayed SEES is consistent with the energy of the vacu-
um level of the spectrometer case. The spectra are not of
standard shape. At E=0 eV is a small peak labeled X
that persists to all angles of emergence with little change
of intensity. Where the broad maximum of the SEES is
normally seen for low-resistivity n-type samples [Fig.
2(b)], for values of E from O to about 10 eV, there is little
current. The intensity of the broad peak at about 10 eV
has an angular dependence that can be associated with
emission from bulk states, unlike peak X, whose angular
dependent intensity is consistent with a surface origin.

With increasing negative values of ¥V, at constant
V.—V,, the SEES develop as shown in Figs. 4 and 5. I
will describe separately the development of the broad
maximum and the X peak, respectively. Little change is
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FIG. 3. SEES from (111)7X7 surface of 10-Q cm p-type sil-
icon, for variable takeoff angle relative to the surface normal
(indicated), for constant input beam conditions: 56 eV at a po-
lar angle of 20°, at an azimuthal angle not coincident with a
high-symmetry direction of the crystal. Unless otherwise indi-
cated, all spectra in the one figure were recorded with identical
gain settings for detected current.

seen in the broad peak for V; down to —6 V, at which
point a definite threshold step appears at an energy of 6
eV in the original spectra (too small to be shown in Fig.
4). The energy of this threshold step is just where the
threshold of the spectra for a low-resistivity sample
would be for these conditions, according to Eq. (1). With
more negative V, the amplitudes of both the threshold
step and the peak increase until at ¥, =—12 V the stan-
dard shape is recovered (Fig. 4). I refer to that potential
as V,. For this sample values of V, between —6 and — 17
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FIG. 4. SEES from p-type silicon for ¥ from —4to —12V
for input beam conditions: constant ¥, — ¥, of 72 V at an angle
of 30° to the normal. The SEES were recorded at a normal take-
off angle. The standard shape was recovered at ¥, = —12 V in
this case.
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FIG. 5. Development of SEES from a 10-Q) cm p-type sample
with application of negative ¥V, showing the low-energy end of
the spectrum. The negative of the applied value of V| is shown
alongside each spectrum. These spectra were recorded at nor-
mal takeoff for constant ¥, — ¥, = —300, and an incident polar
angle of 30° from the normal.

V were recorded, the lowest value being for the most neg-
ative ¥, used, —300 V. With more negative ¥ the shape
of the peak remains constant for as far as I followed it,
V,=—150 V. Because the broad peak for V,<—12 V
has a standard shape I interpret the shape of the SEES
for 0>V, > —12 V as an indication that there is a consid-
erable reduction in secondary current for those condi-
tions. I refer to SEES with a reduction of current as “re-
duced” spectra. An estimate of the magnitude of the
reduction of the secondary current was made by taking
the ratio of the current at ¥, =0, ignoring the intensity in
the X peak to that at ¥, =—18 V for one series of spec-
tra. That ratio has the shape of a broad step, reaching
unity at £ =13 eV [Fig. 2(c)].

On the other hand, peak X did not change much for
0>V,>—12V, for the spectra shown in Fig. 5, for
which V,—V, was constant at —300 V. At ¥, =—12V
the intensity of the X peak increased suddenly, and a new
peak labeled A4 in Fig. 5 “emerged” from peak X. With
more negative V; the energy of A4 increased, although the
intensity began to fall until it was no longer observed at
V;=—90 V. In turn, with increasingly negative V,,
peaks B and C emerged from peak X. While series 4 and
C have a well-defined “peak” appearance, B features have
complex shape for —45>V > —160 V, subsequently
having step shape. Limitations of the apparatus prevent-
ed these measurements for ¥, < —300 V. The energy of
the leading edge of peak X did not vary as ¥, changed
from 0 to —300 V, although the breadth of the peak
varied from 0.2 to nearly 2 eV.

The shape of the SEES from this sample did not vary
with sample current, I, down to 2X 107° A. At V,=0
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the shape of the X peak varied with incident-beam angle
and landing energy, although that phenomenon was not
systematically investigated. For incident-beam energies
of less than 20 eV only the elastic and some loss peaks
were consistently observed, secondary emission not being
excited strongly.

It is possible that there are as many secondary elec-
trons actually emitted for the V=0 case as for ¥V, =—12
V (Fig. 4), but that they are not detected because of
deflection by fields within the chamber. I cannot measure
the secondary yield (current out/current in) in this
chamber, but by monitoring the sample current for ¥V, =0
as a function of ¥V, the value of V, at which the
secondary-emission yield goes through unity can be
determined as follows. The landing energy of the in-
cident beam, eV, for which the yield goes through unity
for the first time is called E|, for the second, E.!” For
eV.<E; a net electron flux enters the sample, while for
E;>eV, <Ey a net flux leaves the sample. The first
change of direction of the sample current as a function of
V. indicates when eV, =E,;. For many incident-beam
conditions used in this work with low-resistivity n-type
samples, E; is found to be about 130 eV, close to the
literature value.!® For native-oxide-covered surfaces of
both p- and n-type 10-Q cm samples a value of E| of be-
tween 58 and 80 eV was measured. For the clean
(111)7 X7 surface of 10-Q cm p-type samples the value of
E; is greater than 500 V, definitely indicating that the
secondary yield is lower for the (111)7 X7 surface of the
p-type sample, in agreement with the observed reduced
spectra.

The sample holder to sample contact is a metal-
semiconductor junction, at best. While the beam
currents used were below normal diode reverse-bias
current levels, it was prudent to check whether there is a
potential change at the surface between conditions giving
rise to the reduced and the standard spectra, respectively.
The detected energy of Auger spectra from surface and
near-surface atoms includes all potential changes from
sample clip to surface atoms, and thus can be used to
probe for potential changes. It is mentioned that the en-
ergy of Auger spectra are independent of the sample
work function. For fixed V,—V,, silicon LVV Auger
spectra were measured for two values of V;: one gave re-
duced SEES like that for ¥, = —4 in Fig. 4; the other giv-
ing SEES of standard shape, like the ¥, =—12 V case in
Fig. 4. The Auger spectra were measured at a takeoff an-
gle of 20° to the normal, in an undifferentiated mode. No
significant difference was observed between the spectra;
there is less than 0.3-V difference in the potential of sur-
face atoms between the two cases.

Electrons contributing to the X peak, always observed
at close to zero kinetic energy relative to the spectrome-
ter case, can come only from a region of the surface at
zero potential, with no field between the emitting region
and the spectrometer. Peak X was observed at the same
time as the standard SEES, which had a threshold step at
the energy expected for a surface at potential ¥V, for V,
down to —300 V. I conclude that there are two regions
of different electric potential on this surface for these
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conditions. Again, Auger spectra are sensitive to the po-
tential at the emitting atoms, so Auger spectra were
searched for with V,=—120 V, V,=—300 V. Si LVV
Augers were observed at an energy appropriate for a sur-
face at —120 V, but not for a surface region at ground
potential. The nonobservation of Auger electrons from a
region at ground potential for ¥, = —120 V indicates that
the V=0 region of the surface lies outside of the landing
area of the incident beam.

For one of the p-type samples, SEES were measured
after a preliminary sample heating to 800°C for 10 min.
This heating is not sufficient to remove the thin oxide lay-
er formed in the chemical cleaning process, and no
LEED pattern was observed for this sample condition.
For this oxide-covered sample SEES of standard shape
were observed with a threshold step at energy D from the
elastic peak, as predicted by Eq. (1) for a 0.3-uA
incident-beam current and a variety of input angles. The
breadth of the threshold step was slightly greater than
that for the clean surface. In both scanning electron mi-
croscopy,'’ where the signal is derived from secondary
electrons, and in photoemission,zo it has been observed
that a thin oxide layer is essentially transparent to elec-
trons emerging from the underlying silicon. That ap-
parently is what occurs in secondary emission from this
sample also. From a comparison of these SEES with
those from the clean sample it can only be concluded that
the SEES features of nonstandard form, i.e., reduced
spectra and peaks X, A, B, and C, are associated with
surface processes. For all incident-beam conditions that
were used surface and volume plasmon losses were ob-
served in ELS measurements, for V, < —40 V.

2. 1.5-k Q ¢cm n-type sample

Measurements on this sample were made only in ap-
paratus 2. Reduced spectra and X, 4, B, and C peaks
were all observed for I, =0.3 puA for incident-beam an-
gles within 35° of the surface normal, for beam conditions
which did not give strong diffraction peaks. For similar
V.—V,, however, V, was always less negative for this
sample than for the p-type sample. That is, the standard
shape was more readily recovered.

Variation of SEES with incident-beam current was ob-
served for this sample for normal emergence. The spec-
tra tended toward standard shape as the current was re-
duced, although the difference between the extreme spec-
tra of Fig. 6 is associated with a hundredfold decrease in
current.

By observing the LEED pattern I could monitor
whether the incident-beam conditions were appropriate
for a Bragg maximum or for other strong diffraction
effects. For incident-beam conditions that did not give
rise to strong diffraction effects a consistent dependence
of the shape of SEES on the incident angle was observed.
The SEES tended to standard shape as the incident polar
angle changed from normal toward grazing incidence
(Fig. 7). In the absence of strong diffraction effects it can
be assumed that this observation means that the SEES
tend to standard shape as the direction of the primary
beam within the sample changes away from the surface
normal.
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FIG. 6. Spectra showing the shape dependence of SEES on
the incident-beam current for the 1500-Qcm n-type sample,
measured at a normal takeoff angle, for an incident beam of 55
eV at a polar angle of 33°. The signals have been normalized at
the low-energy step: it is the change of shape which is
significant. The beam currents were 10™° A for the a curve,
107" A for the b.

For incident-beam conditions that did give rise to
strong diffraction effects a consistent dependence of SEES
on the incident polar angle was not observed; sometimes
the SEES tended to standard shape with an increase of
polar angle away from the surface normal, as above, but
the opposite trend was also observed.

The model presented later predicts that a 3-eV peak
should be observed in the ELS of this sample. An exten-
sive search was made, culminating in the only result in
this paper which requires precise alignment for its repro-
duction. The ELS were recorded with a relatively low-
energy beam, 15 eV, using as the effective primary beam
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FIG. 7. SEES from the 1500-Q) cm n-type sample as a func-
tion of the input angle (indicated) in an arbitrary azimuth, for
V,=0, V.=—70 V. The takeoff angle was 20° from the surface
normal. There is a dramatic change of shape as the angle of in-
cidence changes to grazing incidence.
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FIG. 8. Energy-loss spectrum for a 15-eV beam incident at
65° in the [211] azimuth. The outgoing specular beam was the
effective primary beam which maximized the observed loss
peaks at dk;=0. The error bar represents the peak-to-peak
noise amplitude. In all other spectra presented the noise level is
less than twice the thickness of the drawing line. Losses of
3.0+0.4 and 9.3+0.4 eV are observed, both more than 1 eV
wide. The loss region of the spectrum is amplified by a factor of
100 compared to the elastic peak.

the (0,0) specular beam, emerging at an angle of 65° from
the normal in the [21 1] azimuth. Two broad loss peaks
are observed, at 3.01+0.4 and 9.2+0.4 eV, respectively
(Fig. 8).

For normally incident electrons the angle of detection
of the (1,0) diffraction spot in the [21 1] azimuth of the
7X7 pattern was followed down to V,=—1.5 V, for
V=0 V. In all cases the angle of detection agreed with
the expected outgoing angle to within experimental error,
+1.5°. This measurement rules out stray magnetic fields
as a possible perturbing influence on the SEES.

3. 100-Q cm n-type sample

Measurements were made on this sample in apparatus
1. Reduced spectra and the X peak were observed only
for the maximum beam current (0.3 pA) and for a very
limited range of incident angles of the exciting beam. In
that case spectra similar to those in Fig. 3 were recorded.
For a beam current of 1X107® A only features reported
earlier for the low-resistivity sample were observed.’ ™’

B. Validity

There are two features of the SEES which are unex-
pected, and require validation beyond the usual care tak-
en with the apparatus construction and the measure-
ments. The features are the reduced current spectra and
peaks X, A4, B, and C. For the clean samples the LEED
pattern was used as monitor to establish the beam focus
condition for all measurements. This ensured that the in-
cident beam was properly focused and was striking the
sample near its center for all recorded SEES. The obser-
vation of diffraction maxima at angles corresponding to
the well-documented LEED patterns assured that there
were no gross fields in the chamber. However, the secon-
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dary electrons have much lower energy than the elastical-
ly scattered electrons, so other measurements were made
to ensure the validity of the SEES.

The shapes of the SEES in question were independent
of analyzer pass energy, which rules out possible prob-
lems within the lens-analyzer system. The question then
becomes whether stray fields were present to deflect
secondary electrons from the spectrometer entrance aper-
ture so as to cause the reduced spectra at low values of
V,, and to deflect stray secondaries toward the entrance
aperture at more negative values of ¥V, to give rise to
peaks X to C. Stray fields are discussed below.

The possible presence of an unexpected magnetic field
was ruled out by the LEED measurement at
V.—V,=—1.5 V. However, electric fields could arise
from the arrival of highest energy electrons at an electri-
cally isolated surface, to cause an electric field that dis-
turbs the lower- but not the higher-energy electrons.
That source of stray field is more difficult to rule out as a
possible disturbance. Routine measurements before each
pumpdown ensured that no major parts exposed to the
electron beam were electrically floating. Almost identical
reduced spectra and the X peak were observed for sam-
ples in the two different apparatus. It is improbable that
this could be the result of coincidental random malfunc-
tions.

The value of E; measured for the p-type sample, > 500
eV, indicates a greatly reduced secondary current from
that sample, independent of any fields in the chamber, in
agreement with the observed reduced spectra.

Consider the spectra labeled —8 V in Fig. 4. A thresh-
old step is observed at the energy predicted by Eq. (1), in-
dicating that electrons of this energy from the beam land-
ing area reach the detector. Why would not all the other
electrons of the same energy observed in the —12-V spec-
trum of Fig. 4 be observed? Certainly no macroscopic
field in the scattering region can disperse the electrons in
a manner to cause this. The SEES in that figure do not
change with small deflections of the incident beam across
the sample surface.

For similar incident-beam conditions the p-type sample
covered with a native oxide emitted SEES of standard
shape; SEES from clean (111)7 X 7 surfaces were unusual
in the manner shown in Figs. 3-5.

Samples of 10-Qcm resistivity were loaded in the
chamber in the order p type, n type, p type. Input beam
conditions similar to those that gave unusual results for
both p-type samples gave standard spectra for the n-type
sample. The data for the n-type sample establish the
proper operation of the apparatus, and those for the p-
type samples establish the reproducible nature of the data
for the p-type samples. The unusual SEES arise from the
silicon (111)7 X 7 surface itself.

IV. THE MODEL

A. Background

Critical to the interpretation of the SEES reported here
is the established existence of excitons at this surface. A
brief summary of the evidence for this exciton follows.
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Angle-resolved photoemission results indicate the ex-
istence of a flat band of surface states just below the Fer-
mi level.” SEES from n-type silicon show a series of
quasistationary states located in the selvedge region of
the sample,>’ between the crystal interior and the image
potential. These states extend from an energy 2.5 eV
below to at least 6 eV above the vacuum level.

The 1.9-eV peak in the ELS was first observed by Rowe
and Ibach, who showed that it is associated with transi-
tions from a dangling-bond surface state.’! The angular
dependence of the intensity of this loss peak shows that
the associated process has Ak“=0.22—25 It was further
observed that this peak occurred just below a band which
I associated with the excitation of a dangling-bond elec-
tron to selvedge states. With these assignments the 1.9-
eV loss peak must be due to the excitation of a surface ex-
citon, a selvedge electron bound to a surface hole.?? The
electron in this exciton is bound by 2.910.3 eV below the
vacuum level, although the binding within the exciton
relative to the bottom of the band of the free-electron-like
selvedge states is 0.4 eV. That the exciton is derived from
the continuum of selvedge states, rather than the vacuum
continuum, clearly distinguishes it from image states.

For incident-beam energies less than 100 eV it has been
demonstrated that the shape of angle-resolved SEES and
angle-resolved ELS can depend considerably on
incident-beam angle and energy,” "?? although a detailed
study of that dependence has not been made. Because of
this the comparison of results obtained by different work-
ers is really only meaningful if they are for the same input
beam conditions, or if enough input beam conditions
have been investigated so that “all” types of spectra are
observed.

Further background is required for a discussion of re-
duced spectra and peaks X, A, B, and C. A first approxi-
mation to the charge distribution in an electron-
irradiated sample can be deduced from a knowledge of
the excitation, transport, and emergence steps. An in-
cident electron with energy greater than about 40 eV ex-
cites plasmons in low-momentum transfer collisions,?6 %8
ending up as a hot free carrier in the conduction band.”
From the decay of plasmons and the subsequent cascade
Coulomb scattering,”3° there will be a sheath of
electron-hole pairs extending along the path from the sur-
face to the free carriers. Electrons emerging into the vac-
uum will change this distribution by leaving an excess of
holes at the surface. Silicon has surface states below the
Fermi level in the band gap,’ so the excess holes can be
trapped as surface holes. An electron-irradiated surface
will, therefore, tend to be more p type than the ground
state. I will call a surface with an excess of holes a p sur-
face; an n-type sample can have a p surface. The fate of
surface holes is a concern of this paper.

For a beam incident perpendicular to the surface the
carrier distribution might look like that in Fig. 9(a), with
considerable separation between the hot free carriers and
the trapped surface holes. I have used mean free path in-
formation for silicon?’~%° to show that this sheath would
have a thickness ¢ of about 600 A for a 300-eV normally
incident beam. It is emphasized that apart from the in-
cident electron and the excess hole left by an electron em-
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FIG. 9. Illustrations depicting various aspects of models de-
scribed in the text. A solid dot, a circle, and an ellipse represent
an electron, a hole, and an exciton, respectively. (a) A normally
incident electron leaving a trail of electron-hole pairs before
becoming a hot free carrier in the bulk. In this case a secondary
electron has been emitted, leaving an excess hole at the surface.
(b) An electron at close to grazing incidence. In this case the
hot free carrier is much closer to the surface. Remembering
that the beam width is much greater than the range of the in-
cident electrons, it can be seen that the free electron and the
surface hole are in close proximity in this case, in contrast to
the situation depicted in (a). (c) The dotted lines define the lim-
its of the beam landing area. Excitons are formed in this area
and migrate to where they are trapped by a surface hole. The
field associated with this hole accelerates a bulk electron toward
the surface, where it emerges into the vacuum, ionizing an exci-
ton in the process. The emerging electrons are detected as
peaks X, A4, B, and C, as described in detail in the text.

erging into the vacuum, equal numbers of electrons and
holes are formed by the incident beam.

B. The model

I suggest that the unusual SEES features reported here
are the indirect results of a surface which has an excess of
holes, without specifying whether the holes are intrinsic
or the result of secondary electron emission as described
above. The presence of surface holes can lead to surface
exciton formation other than by direct excitation as in
ELS, as follows. Some of the hot electrons moving to-
ward the surface have energies matching those of states
near the bottom of the selvedge band.>'* Electrons can
be diffracted from bulk to a selvedge state, subsequently
being trapped by a surface hole to form a surface exciton.
The small value of the basic reciprocal-lattice vectors on
this reconstructed surface is conducive to such diffraction
from states in many regions of bulk k space. Surface ex-
citon formation will always be a possible mode of elim-
ination of bare surface holes in a secondary-electron-
emission experiment on this surface.

Peaks X, A, B, and C are discussed first; it is only for
these that the model is quantitative. It was argued above
that peaks X, 4, B, and C are due to electrons which
emerge from a region of the surface at chamber ground
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potential, with no field between this region and the spec-
trometer case. However, there is still the potential ¥ be-
tween the sample clips and chamber ground. For the re-
gion responsible for peaks A4 to C this potential drop
must be within the sample. This indicates that there
must be a positive surface charge at the region of the sur-
face at ground potential. I suggest a model for peaks X,
A, B, and C which contains a means for depositing posi-
tive surface charge outside the beam landing area.

The energy dependence of peaks 4, B, and C on ¥V are
shown in Fig. 10, where each labeled line corresponds to
the series of similarly labeled peaks in the spectra (Fig. 5).
Series A and C define straight lines. Because of the com-
plexity of the B series (Fig. 5) I originally drew straight
line B (Fig. 10) for just the three points corresponding to
the steps observed for the highest ¥, values. In that case
the slopes of the straight lines are 7.1X 1072, 1.7X 1072,
and 1.0X1072, for 4, B, and C, respectively. An accept-
able model should predict this dependence.

I suggest that the ground potential surface regions are
due to an isolated positive charge, consisting of a surface
hole and one or more surface excitons which formed in
the beam landing area and diffused from there. An elec-
tric field will be set up between this positive charge and
negative charge within the silicon. An electron entering
this field will be accelerated to the surface until it gets
close enough to emerge into the vacuum, ionizing an ex-
citon as it does so. In this process of forming surface
holes one electron ends up in the vacuum with essentially
zero kinetic energy (peak X), the other in a vacuum state
with an energy necessary for overall conservation and
contributing to peak A4, B, or C. Some of these processes
are depicted in Fig. 9(c).

In the above process an outgoing electron will emerge
into the vacuum when it has sufficient overlap with a vac-
uum state. In a strong electric field the spatial extent of a
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FIG. 10. The energy dependence of peaks 4, B, and C on
sample potential. Inset: Portion of the bulk band structure of
silicon for the direction perpendicular to the (111) surface, Ref.
32. The circles are points deduced from the data of the main
part of this figure by the model described in the text.
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conduction electron wave packet is small. This wave
packet has the form of a Bloch function multiplied by a
Gaussian.’! The location of the electron can be deter-
mined only to within a wavelength (A=27/k), so the
electron will certainly emerge into the vacuum when it is
at a distance A from the surface. To proceed further it is
necessary to make assumptions about the electric field. I
assume a charge distribution that has the symmetry of
the surface, i.e., planar, and note that the only distance
scale normal to the surface is the thickness of the
electron-hole sheath, z, of 600 A. The potential drop V,
will occur across distance ¢. The outgoing electron will
be in a field of strength V, /¢, and will have an energy
AV, /t—a; at distance A from the surface, i.e., on emer-
gence, where a; is the binding energy of state i relative to
the vacuum in the field-free case. The outgoing electron
loses 2.9 eV in ionizing the exciton, and so is left with an
energy E (eV),

E=eVA/t—a;—2.9 . ()

This model predicts that a plot of E /e (V) versus V; (V)
will yield a straight line with slope (A/?), and intercept
—(2.9+a;) (V). The model predictions are discussed
with the aid of the conduction-band structure for silicon
(Fig. 10, inset),* in which energies are related to the top
of the valence band, in turn related to the vacuum level.!®
I use Eq. (2) to deduce a; and A from the lines 4, B, and
C (Fig. 10), and locate the resulting states as circles on
the band dispersion curves of Fig. 10 (inset).

There is a continuum of states in the relevant region of
the bulk E versus k dispersion curves for silicon, with a
corresponding continuum of binding energies, a; (Fig. 10,
inset). Electrons in certain types of states would not be
expected to persist in high electric fields, however. In
particular, electrons in states with low effective mass
would be accelerated rapidly out of these states. Thus
the probability of observing electrons emerging from
such states is low. Conversely, electrons in states with
high effective masses, at flat band regions or inflection
points, for example, would resist acceleration out of these
states. There would be a higher probability for seeing
electrons emerging from such states in the sample, and
observed peaks A4, B, and C should consist of electrons
emerging from such states.

States located at the points A4, B, and C in Fig. 10 (in-
set) have high effective masses, and would be expected to
persist in the high electric field, as noted above. For low
values of ¥ the B peak locations (Fig. 5) do not fit on the
straight line B of Fig. 10. However, using Eq. (2) a line
representing the high effective-mass states at B’ in Fig. 10
(inset) can be plotted on Fig. 10, labeled B’. It is found
that some B peaks for low values of V, (Fig. 5) plot on
this line (Fig. 10). Electrons emerging from states to the
right of B in Fig. 10 (inset) can have a range of energies,
and hence give the steplike appearance of peaks B, for
V, < —200V, in the spectra (Fig. 5).

The model is not without an adjustable parameter, al-
though it has been presented as such for simplicity. In
practice the value of “#’ deduced from the mean free
path data has some uncertainty associated with it. The
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value was chosen so as to position point C on the
Brillouin-zone boundary in Fig. 10 (inset). No other pa-
rameter was adjusted, and the quantitative agreement be-
tween the model predictions and the data is the main sup-
port for the model.

The model can qualitatively account for the other ob-
served features. A reduced spectrum (Fig. 3) is invariably
accompanied by an X peak, which was shown above to
have a surface origin. The simplest explanation for the
large reduction in secondary current is in terms of
scattering of outgoing electrons by surface excitons in a
manner similar to that discussed above for the X to C
peaks. An important difference is that for ¥, =0 the
wave packet of the electron in the bulk conduction state
will be extended, and will have greater spatial overlap
with other band states than for the outgoing electron in
the high electric-field region, —12<V,<—300 V. In
this case scattering to crystal states, from which emer-
gence into the vacuum is impossible, becomes more prob-
able. The surface exciton would still be ionized, with the
ejected electron contributing to peak X, but the would-be
emergent band electron would no longer be scattered into
vacuum states, i.e., peaks 4, B, and C would not be ob-
served. Overall, then, it is postulated that the presence of
surface excitons is required to explain all of the unusual
features observed in SEES.

I will describe one hypothesis for the reappearance of
spectra of standard shape with increased n-type doping
and with negative applied sample bias V. It was de-
scribed above how surface exciton formation will always
compete for surface holes in a secondary-emission experi-
ment. The hypothesis for the reappearance of spectra of
standard shape is based on processes which remove sur-
face holes in competition with surface exciton formation.
Promotion of these competing processes reduces surface
exciton formation, leading to spectra of standard shape.
The only process we need consider here is the recombina-
tion of electrons near the bottom of the bulk conduction
band with surface holes. For the low-resistivity n-type
samples there is an abundance of conduction electrons to
recombine with surface holes. The surface will be n type,
and standard spectra will result.

For a sufficient concentration of bulk holes in a p-type
sample there will be a loss of conduction electrons near
the surface by recombination. Surface holes will be avail-
able to form surface excitons, subsequently reducing the
secondary current. With sufficiently negative V' applied
to a p-type sample, low-energy conduction electrons due
to the incoming beam will be attracted to the surface,
making it n type and restoring the standard spectrum
(Fig. 4). In this case, however, it must be postulated that
there is still some formation of surface excitons. To ac-
count for the X, A4, B, and C peaks these excitons must be
repelled from the n-type surface region.

The dependence of SEES on incoming angle (Fig. 7)
can be explained in a similar fashion. For angles closer to
grazing incidence the primary electrons end up in the
conduction band near the surface [Fig. 9(b)]. These elec-
trons compete for surface holes, reducing surface exciton
formation, and again leading to SEES with shapes more
similar to the standard shape. Another factor could be
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important in this case; that is, the ionization of surface
excitons by high-energy incoming electrons with a veloci-
ty component parallel to the surface.

The ELS of Fig. 8 are also cited as supporting the mod-
el. It was postulated that an incident beam could form
surface excitons as described above, and also act as the
probe beam in an ELS experiment to directly observe the
ionization loss process put forward in the model. Two
broad loss peaks are observed, at 3.01+0.4 and 9.2+0.4
eV, respectively. At the angles of incidence and scatter-
ing involved it is highly probable that the losses are the
results only of surface processes. A loss peak due to bulk
processes has also been observed at an energy close to 3
eV.2> That peak is much narrower than the one reported
here. I suggest that the 3-eV loss is due to the ionization
of surface excitons, in a process similar to that responsi-
ble for peaks X to C, described above.

With certain assumptions an estimate of the lifetime of
these surface excitons can be made. To explain the near-
ly complete reduction of the low-energy region of the
SEES for the p-type sample I will assume an equilibrium
density of one exciton per unit cell of the reconstructed,
7X7, surface. In the beam landing region of area A4
there would be A /a excitons, where a is the area of the
reconstructed unit cell. I assume that a sufficient supply
of surface holes exists on the p-type surface so that the
production rate of surface excitons is limited by the ar-
rival rate at the surface, from within, of electrons with
energies greater than 2.5 eV above the top of the valence
band. The arrival rate of these electrons, per incident
70-eV electron, was estimated from the mean-free-path
data in the literature,?’ =% using a Monte Carlo method.
This arrival rate was equated to the number of surface ex-
citons decaying per second, D 4 /a, where D is the decay
rate. Observation of reduced spectra with an incident-
beam current of 2X107° A then leads to an estimated
half-life, 0.69/D, of order 0.1 s. Contrast this with the
2-us lifetime estimated from the ELS (Ref. 22) by the
method described by Froitzheim, Ibach, and Mills.** The
excitons observed indirectly in the SEES apparently differ
in lifetime from those observed in ELS. I can suggest
one reason why two otherwise identical surface excitons
could have widely differing lifetimes. The excitons
formed in ELS are singlet states in that the excited elec-
tron has the same spin as the hole it left behind. In the
mode of formation suggested for the excitons on the p-
type surface the captured electrons can have spin parallel
or antiparallel to the hole. The parallel spin excitons
would decay rapidly, leaving the triplet states as the
long-lived ones responsible for the observations reported
here. The estimated half-life of > 0.1 s is unusually long.
No calculations have been made of the wave functions of
these surface excitons, so nothing theoretical is known
about the lifetime. The (111)7 X7 surface consists of tri-
angular islands separated by channels.’* A viable model
for the surface exciton has the hole on an island, sur-
round by an electron which spends most of its time in the
channels.®

With such a huge effect on the SEES it might be ex-
pected that the presence of surface excitons would mani-
fest itself in other electron-scattering experiments. I have
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investigated the literature of surface-sensitive core spec-
troscopies involving the silicon L state, considering what
effects that the constituents of surface excitons might
have on features in ELS, Auger, and appearance potential
spectra (APS). Because it would be at an energy where
there is no other contribution to the Auger spectra, the
most propitious feature to look for in the Auger spectrum
would be a high-energy feature arising from transitions of
selvedge electrons to a core hole. However, if the sel-
vedge state wave functions in silicon are anything like
those at metal surfaces they will overlap little with core
states of surface atoms.*® I have found no experimental
evidence for such a feature in the Auger spectrum. For
core-state excitations observed in absorption spectros-
copies, ELS and APS, the feature to look for would be a
preedge peak due to the excitation of a 2p electron into
the hole of a surface exciton. Such a peak would lie out-
side the normal 2p excitation spectrum. Features due to
surface excitons would be expected to appear for p-type
samples and for high-resistivity n-type samples, but not
for low-resistivity n-type samples. Koma and Ludeke
saw no precursor peak in the ELS from the (111)7 X7 sur-
face of 5-Q cm n-type silicon.’’” However, Margaritondo
and Rowe did see such a precursor peak to the main
edge, although in a sample of unspecified resistivity.*
They characterized the feature as a giant surface core ex-
citon, in which a state from the bottom of the surface
conduction band is pulled to below the top of the valence
band by the core hole. I suggest that the feature is due to
excitations of 2p electrons to surface exciton holes. If
this is the case the feature would vanish when a
sufficiently negative potential is applied to the sample.
The success of this prediction rests specifically on the
presence of long-lived surface excitons. My apparatus,
with its low beam current and 1° collection angle, is not
suitable to test the suggestion because of the high signal-
to-noise ratio needed for this experiment. Because of its
nature, the APS experiment would be more difficult to
implement to test the suggestion.

Whenever there is a bare hole at this surface there will
be a vacant state at 2.9 eV below the vacuum level, the
acceptor state for the exciton electron. This state should
be observed in all experiments which probe empty surface
states. Tunneling spectroscopy is such an experiment.
The sample-tip bias necessary to probe vacant states at-
tracts surface holes. Becker et al. did see a peak in the
tunneling conductance spectra on p-type silicon at a bind-
ing energy of 2.95+0.15 eV below the vacuum level,
when averaged over a unit cell.® I suggest that this peak
is due to the formation of surface excitons: the binding
energy is appropriate. Occupied states are detected in
tunneling spectroscopy when the sample-tip bias is re-
versed from the above case, and the tip Fermi level is
below the energy level of the occupied state. The pres-
ence of surface excitons would be detected as a peak in
this spectrum at the same binding energy as in the exci-
ton formation experiment. This raises the possibility of
two tips “communicating” with each other.*

The same state as detected in tunneling spectroscopy is
observed in inverse photoemission,***’ although the dop-
ing type of this sample was not identified in that work.*
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The peak seen at the appropriate energy in the inverse
photoemission experiment for the (111)7X7 surface is
not seen on the silicon (100)2 X 1 surface.*’

These experiments are often done with the electron em-
itter and the sample arranged in simple diode fashion.
This configuration precludes the variation of a sample-
environment bias independent of the cathode-sample po-
tential difference. However, the inverse photoemission
experiment can be done with an electron gun source.*! In
that case holes can be removed from the surface by ap-
plied potential, as in the SEES experiment. Another pre-
diction of the model, then, is that the relevant peak in the
inverse photoemission experiment will disappear when
surface holes are removed from the silicon (111)7 X7 sur-
face by applied bias. This experiment would serve to
identify the excitonic nature of the final state, indepen-
dent of its lifetime.

Excitons on this surface have received little study in
the past. In the present work the primary electron in-
directly responsible for the formation of an exciton need
not be the same as that indirectly responsible for its de-
cay. The two primary electrons could be viewed as exci-
ton forming and exciton probing, respectively. Other
probes could also be used.>> I suggest that firing a beam
of electrons with energy between 40 and 300 eV at a 10-
Q cm p-type Si (111)7 X7 surface will result in the pres-
ence of surface excitons in and around the beam landing
area. In a similar fashion long-lived excitons can be
formed by electrons tunneling from a field-emitter tip to
the surface. These surface exciton sources should facili-
tate their study.

Apart from possible applications of tips communicat-
ing with each other,*® as mentioned above, there are pos-
sible interactions of long-lived surface excitons with elec-
trical conductivity,>>*** surface reconstruction®>** and
epitaxial film growth,* and optical phenomena.®

V. SUMMARY AND CONCLUSIONS

The main experimental results reported here are the
unusual SEES from p-type silicon (111)7X7 surfaces.
The secondary current is reduced, and the shape of the
spectra cannot be understood on the standard model
which was developed for metal samples, and which ap-
plies to low-resistivity n-type samples. With sufficiently
negative potential applied to the p-type samples, SEES
with the standard shape are recovered, but another
unusual feature appears; that is, secondary electrons are
observed with energies below that of the nominal vacuum
level of the sample. This behavior is only possible for
nonmetallic samples, of course.

In developing a model for the observations, a method
of formation of surface excitons was postulated for this
surface: electrons diffracted from the bulk into the sel-
vedge region are trapped by surface holes to form exci-
tons. In the interpretation presented here the surface ex-
citons are attracted to surface holes in a p-type surface
and repelled by surface electrons in an n-type surface.
The surface excitons were observed in a region outside of
the beam landing area in which they were presumably
formed, demonstrating their mobility.

Surface excitons apparently come in singlet and triplet
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states. Their formation has been observed in four experi-
ments. They are formed by direct excitation in ELS, as
in Ref. 22, and by the trapping of an electron incident
from the vacuum by a surface hole, as in the two probes
of vacant states, tunneling spectroscopy, and inverse pho-
toemission. Both singlet and triplet states can be formed
in these processes. Finally, surface excitons can be
formed by the trapping of electrons incident from within
the sample, as demonstrated in the SEES results present-
ed here.

Other than by observing their formation, the presence
of surface excitons has been detected in SEES, ELS (Fig.
8), and possibly core-state ELS. In each case it is the
long-lived, triplet variety which is detected.
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