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pearance of surface states near EF. Curves b

are shifted by these changes in band bending so
as to subtract bulk emission. " Ge and GaAs
show bands of intrinsic surface states about 0.9
~0.2 eV wide centered at about 0.7 and 1.05 eV
below E„, respectively, i.e., at about 0.75 and
0.5 eV below the valence-band maxima E„, . For
Ge, a tail of surface states extends essentially
up to E F, while for Gahs there appears to be a
gap (- 0.3 ~ 0.1 eV) just below E ~ in which the op-
tical density of surface states is very small. '
For GaAs, the amplitude of surface-state emis-
sion appeared to decrease with time faster than
might be expected for gas exposure with p -3
x 10 ' Torr. The surface-state emission inten-
sity shown in Fig. 2 was measured about 15 min
after cleaving and decreased by about a factor of
4 within the next 45 min.

For Si, the shape of our optical density of states
of intrinsic surface states near EF is similar to
the hyperbolic-cosine —like curve (one of several
models) which Allen and Gobeli' concluded was
consistent with their studies of work function and
photothreshold versus doping, and which has
been used by others. 3 If we normalize our op-
tical density of states to contain about one occu-
pied surface-state electron per surface atom,
out resulting number of surface states within
-0.1 eV of EF is roughly & that previously report-
ed.'' This might be due to our crude assump-
tions such as constant matrix elements or might
simply be due to inaccuracies in the shape of our
ODS near EF, since the charged surface states
involved in reported work-function measure-
ments's are roughly s 1% of the total number of
surface states.
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The amplitudes of curves b in Figs. 1 and 2 were

scaled so as to be about equal to curves a at -2-3 eV
below EF, this scaling assumes that essentially all of
the emission from -2-3 eV below EF is bulk emission.
Slight changes in the relative amplitude of curves 5 will
not significantly change our surface-state emission
curves c.

This 0.3-eV gap was determined from data for hv
=20 eV, for which the photon band-pass broadening
~hv was less. The gap shown in Fig. 2 is narrowed by
about &~hv or -0.2 eV, and also the width of the opti-
cal density of states is broadened by -0.3 to 0.4 eV.

3Ref. 4, p. 120.
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We have studied the energy distribution of electrons photoemitted from surface states
on the cleaved (111) face of a 0.001-Q-cm n-type Si crystal. We find a 1.8-eV-wide sur-
face band with a peak at 1.1 eV and a shoulder at 0.5 eU below the Fermi energy contain-
ing about »10 electronslcm, i.e., approximately one electron per surface atom. The
strong peak lies below the valence-band maximum at the surface. The surface nature of
this structure is confirmed by its disappearance when exposed to vacuum contamination
at 10 Torr or to oxygen.

Information about surface states on silicon can
be inferred from an analysis of work function and
photoelectric threshold measurements as shown

by the pioneering work of Allen and Gobeli, '
whose techniques have been refined by Fischer. '
Eden has identified photoemission from the sili-
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con band gap with surface states. This Letter
describes the observation on silicon of a 1.8-eV-
wide surface-electron band having a density com-
parable to one electron per surface atom. The
surface nature of this structure is confirmed by
its disappearance when exposed to ultrahigh vac-
uum contamination or to oxygen. Eastman' has
also obtained similar results on lightly doped Si,
Ge, and GaAs.

A 0.001-0-cm (Nr, =10" cm ') arsenic-doped
silicon crystal has been cleaved along a (111)
plane with a tungsten-carbide blade and an an-
nealed copper anvil in an ultrahigh (10 "Torr)
vacuum chamber. Energy distribution curves
(EDC's) are obtained by the ac method' using a
hemispherical retarding potential analyzer. A

copper photoemitter, interchangeable with the
silicon, is used as a Fermi-energy reference.

EDC's from the freshly cleaved Si are shown in
Fig. 1. Four pieces of structure are apparent.
Peaks C and D, whose initial- and final-state en-
ergies vary with photon energy, are from well-
known bulk-state direct (k-conserving) transi-
tions. ' Peaks A and B, whose initial-state ener-
gies do not change are identified with surface
electrons. ' Four cleaves have been made, all of
which follow the same pattern: A surface struc-
ture is observed which disappears when exposed
to contamination. Since some details of this pat-
tern depend upon the nature of the cleave and the

type of contaminant, the cleaves will be identi-
fied separately.

Cleave No. 1 remained at 3&10 "Torr, as
measured on a Redhead' gauge, for 2 months with

only a slight decrease in the amplitude of peaks
A. and B. However, exposure to a spontaneous

1xl0 ' -Torr leak caused this structure to re-
duce to a small residual amount. After the leak,
cleave No. 2 at 1x10 "Torr began changing im-
mediately. The fresh and contaminated EDC's
from this cleave are presented in Fig. 2. Sus-
pected contaminants are oxygen from H,O or CO,
after cleave No. 1 and hydrocarbons after cleave
No. 2. ' Cleaves No. 3 and No. 4 were intention-
ally exposed to oxygen in order to control the
changing process.

A careful analysis of Fig. 2 yields the band-
bending picture for the freshly cleaved silicon
shown in Fig. 3(a). The surface distribution ob-
tained in the following discussions is given on the
same energy scale in Fig. 3(b) for comparison.
Observe in Fig. 2 that the work function" and the
extrapolated valence-band upper edge shifted 0.6
eV lower in energy with contamination. There is
little or no band bending represented by the con-
taminated EDC since the extrapolated upper va-
lence-band edge falls below the bulk position of
the valence-band maximum. Contamination has
apparently terminated dangling bonds in a natural
way, neutralizing a negative surface charge, thus
straightening bands which were initially bent up-
ward 0.6 eV.

The 0.2-eV shift of peaks C and D while the
band bending changed 0.6 eV indicates that many
electrons escape from behind the band-bending
region. To first order the electron escape depth
is estimated to be 12 A. This is obtained, and
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FIG. &. EDC's for various photon energies on freshly
cleaved Si (cleave No. 4) showing surface peaks A. and
B, and valence-band direct transitions C and D.
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FIG. 2. Comparison of Si EDC's from cleave No. 2
before and after vacuum contamination at 10 Torr.
Note that band bending causes the work function O.eft
edge) and the extrapolated high-energy edge of the val-
ence-band structure to shift 0.6 eV while the position of
the bulk peaks, C and D, shift only 0.2 eV.
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Fr0. 3. (a)( ) Band-bending picture obtained in the text,
compared with (b) the surface-electron energy distri-
bution. The shaded region illustrates the portion of the
distribution responsible for the negative surface charge.

verified with a computer calculation, by noting
that the bands bend 0.2 eV at a depth of 12 A "
This shows the advantage of using heavily doped
n-type Si, The valence-band sturcture comes at
the lowest possible energy leaving the widest
possible energy windom for observation of the
surface-electron energy distribution.

The determination of the surface-electron en-
ergy distribution, Fig. 3(b), is illustrated for
cleave No. 4 at 10.2 eV photon energy in Fig. 4.
The extrapolated upper valence-band structure,
b, is subtracted from the freshly cleaved EDC,
a, to obtain curve c. The stronger peak A f ll
11

a s
eV below the Fermi energy while peak 8 ap-

pears as a subtle shoulder at —0.5 eV. The EDC,
and hence the actual density of states, tails ex-
ponentially from about —0.4 eV through the Fer-
mi energy, as can be seen by the expanded curve
a. The resolution-broadened Fermi D' d'

tribution at the upper edge of the reference Cu
EDC, curve g, is shown for comparison. After
9 days at 1X10 "Torr the EDC has shifted to
curve d, partially distorting peak A. and sharpen-
ing peak B. The location of peak B can be fixed
a,ccurately from the inflection point in a deriva-
tive EDC, curve e." Upon exposure to 800 Lang-
muirs of oxygen, a continuous change to curve f
occurred. Peak A could be followed until it be-
came obscured by the valence band. Peak 8, re-
duced in amplitude, shifted 0.2 eV lower in en-
ergy, and sharpened into a clear shoulder.

It is of interest to estimate the surface-elec-
tron density associated with peaks A and I3 on the
freshly cleaved surface. There are four valence-
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FIG. 4. Details of the upper edge of the EDC's for
cleave No. 4 at her=10.2 eV. &, 2 h after cleave; b, ex-
trapolated upper edge of peak D; e, estimated surface-
electron distribution obtained by subtracting curve 5
from &; d, EDC after 9 days at 1&&10 Torr; e, loca-
tion of peak & from inflection point in derivative EDC;
f, result of exposure to 800 Langmuirs of oxygen;
g, upper edge of EDC for reference Cu shutter used to
determine the Fermi-energy zero.

band electrons distributed over an energy range
of 12.5 eV for each of the 5&10 cm bulk at-
oms. At 10.2 eV the valence-band part of the
EDC is 4.3 eV wide, and the ratio of surface to
bulk emission is 0.096. Assuming matrix ele-
ments are the same for surface and bulk transi-
tions and using the 12-A escape-length estimate
determined above one obtains

n, = 4(5 x1022)(4.3/12. 5)0.096(12x10 ')

= 8 x 10"electrons/cm'

for the surface electron density. This is meant
to be a first-order estimate only.

Consider a simple model of the Si (111) cleav-
age plane in which one filled and one empty sur-
face state for each of the 7.85x10' cm 'broken
bonds gives charge neutrality. In order to have
0.6-eV band bending, Poisson's equation requires
that q, /e = 2.8 &&10" cm 2 additional states be
filled 'i ed in order to give the required negative sur-
faceace charge. Thus one expects a. total of n =8.13
x 10'4 electrons/cm'. The agreement of the above

S 4

rough estimate with this value is satisfying.
This model is consistent with several other ob-

servationss:

(a) A two-dimensional free-electron band con-
taining 8 &&10' electrons/cm' would be 2. 1 eV
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wide, in first-order agreement with the observed
1.8 eV. The peaked structure and low density of
states at the Fermi energy, however, indicate a
considerable perturbation from a free-electron
picture. Compare this with bulk Si where the
valence band has nearly its free-electron width,
but perturbations act to form structure and a gap.

(b) Oxygen exposure ties dangling bonds, re-
moving some of the surface states to lower ener-
gy. The remaining surface states have less over-
lap, which in turn causes the structure to sharp-
en as observed in Fig. 4, curves d and f.

(c) The shaded portion of Fig. 3(b) represents
the electron density, q, /e =2.8X10" cm ', re-
sponsible for the surface charge. In lightly doped
silicon this charge would be negligible and the
Fermi energy would fall at the neutral level, E„,
0.3 eV lower as shown. This is in agreement
with (i) the position of peak A, 0.8 eV below E F,
observed by Eastman, ' (ii) the observation of
Eden' for high-resistivity p-type Si that the sur-
face distribution extends uniformly up to the Fer-
mi energy, and (iii) the measurements of work
function versus doping done by Allen and Gobeli'
and by Fischer.

(d) Chiarotti et al."observed a peak at hv =0.46
eV by comparing cleaved Si optical absorption be-
fore and after exposure to oxygen. This peak
could correspond to transitions from peak & to a
high density of empty states just above the Fermi
energy. The sharpness of the peak, however, is
not consistent with the structure shown in Fig.
3(b). Band-to-band absorption would have ob-
scured peak A.

(e) Cleave No. 3 was bad and propagated at an
unusual angle. Peak 8 was not found in that sur-
face distribution. This suggests that the absence
of peak B in Eastman's' data could be a result of
the details of the cleaves.

(f) The conduction band, which could not be
seen in the freshly cleaved EDC's because of
band bending, was resolved after cleave No. 2

when the bands straightened. It appeared as a
resolution broadened 6 function occurring at the
Fermi-energy zero.

The quantum yield of photoemitted electrons in
electrons per absorbed photon above 8 eV is ap-
proximately 10 ' for the valence-band electrons,
10 ' for surface electrons, and 10 ' for conduc-
tion-band electrons. The weak output from the

conduction band could be attributed to a small
residual band bending or to weak matrix elements
for intra-conduction-band transitions.
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