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Table I. Comparison of f’s for impurity diffusion (fcc lattice).

Frequency condition % Error in f in % Error
corresponding to Le Claire using
different degrees of f (exact) Lidiard® present recipe
binding Manning2 approximation f=1+2&1+ [£sin(-3m8)/(1 - &)}
Vi=Vg= g 0.781 5 6
vy =10 1y =10 vy 0.263 18 1
1y =100 vy =100 vy 0.035 25 21
vy =1y =10 vg 0.557 3 19
vy =5vy =25 vy 0.233 9 9
5V1=5V2=V3 0.933 2 2

a
bSee reference 3.
See reference 4.

correlation functions for the hcp and bet lattices
can be represented in closed form to about 1% ac-
curacy by a relation of the form f(uA /VB) =A +B/
(C+VA/UB)", where A, B, C, and n are param-
eters determined by requiring that £(0), £(1), f(e),
and f’(1) agree with the numerical calculation.
These calculated parameters are as follows: For
fo(hcp), A =0.560, B=0.323, C=0.823, n=0.616;
for fg,(hcp) and fg,(hcp), A =1.000, B=-0.328,
C=0.894, n=0.638; for fo(bct), A=0.468, B
=0.495, C=1.188, n=0.573; for fo(bct) and

Bz (hct), A=1.000, B=-0.563, C=2.75, n=0.7117.
From this empirical representation we see that
for vy /vg-0, fg,(hep) =0.647. Using Eq. (2)
(14 =-vay DApvan. £18 =018 =-vpy/ TByvp,)
and Eq. (5), the present procedure gives fg,
=0.669, while using the Huntington-Ghate relation,
we obtain fg, =0.714, i.e., we have a 3% error by

the present technique and a 10% error by the Hunt-
ington-Ghate recipe. Also for vy /vg—~0, fgz(bct)
=0.755, compared to the computer value of 0.727.
When vy /vg ~~ and vy /vg ~1, we again obtain
satisfactory f’s in the self-diffusion limits. Simi-
lar agreement is found for fay in the self-diffusion
limits.

The author would like to thank Dr. F. Fumi for
carefully reading the present manuscript.
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PHOTOEMISSIVE STUDIES OF THE BAND STRUCTURE OF SILICON*

W. E. SpicerT and R. E. Simon

RCA Laboratories, Princeton, New Jersey
(Received July 18, 1962)

As was previously suggested,' photoemissive
studies of semiconductors may give information
on the initial and final states involved in optical
transitions.?™® As was discussed in more detail,
peaks will appear in the spectral distribution of
the photoemissive quantum yield (see, for exam-
ple, Fig. 1) corresponding to the optical absorp-
tion peaks, if the final state lies above the vacuum
level.” Conversely, if the final states lie below
the vacuum level, minima may appear in the pho-

toemissive yield curves. Because of this latter
characteristic, relatively weak peaks, which can-
not be resolved in optical absorption because of
the masking effect of a nearby strong peak, may
sometimes be resolved in photoemissive curves.
In addition, data may be obtained on the absolute
energy of the final state of the transition through
measurement of the energy of the emitted elec-
trons. From this and the optical absorption data,
estimates of the absolute energy of the initial state
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FIG. 1. The spectral distribution of the quantum
yield [corrected for reflectivity (reference 3)]. Note
the maxima at 3.4, 3.7, and 5.3 eV and the minimum
at 4.4 eV. These correspond to well-established op-
tical transitions. The peak at 3.7 eV is resolved for
the first time.

can be made.

As has been pointed out previously, the lowest
surface barriers®° and thus the highest photo-
emissive yields will be obtained from semicon-
ductors which have n-type surfaces and p -type
bulk. Since the object of this work has been to
reduce the surface barrier of silicon as much as
possible in order to study the widest possible range
of band structure, the surface of the silicon single
crystal studied here was cleaned in a borosilicate-
glass vacuum system by heating at 1600°K before
cesium was placed on the surface. As Allen, Buck,
and Law have shown, such a procedure not only
produces an atomically clean surface, but pro-
duces a heavy p -type doping (up to 10%°/cm?)
through a depth from the surface which is large
compared to the depth (about 100 &) of optical ab-
sorption® (and thus of photoemission) in the spec-
tral range of interest. As was previously pointed
out,! band bending can distort the energy distribu-
tions of the emitted electrons. However, this dis-
tortion will be reduced if the distance over which
band bending takes place is made small compared
to the depth of emission. For a p-type doping of
10%°/cm?®, significant band bending should be re-
stricted to a distance (about 20 131) which is ap-
preciably less than the depth of emission. No di-
rect method existed for measuring the junction
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depth in the present study; however, estimates
may be obtained by comparison of the yield data
obtained here (see Fig. 1) with that obtained by
van Laar and Scheer!® in their systematic study
of the effect of band bending on photoemission
from this system. They have presented similar
curves for silicon samples with p -type doping as
high as 10*®*/cm?® which gave the highest yield they
observed. The fact that the maximum quantum
yields for their 10'°/cm® p -type samples were a
factor of five or more below those reported here
strongly suggests that the sample studied here
had a p -type doping approaching closely the 10%°/
cm® which can be produced by the 1600°K heat
treatment.!* As a result, the optimum situation
(band bending restricted to a distance appreciably
less than emission depth*®) should be realized.
Since the electron affinity at the surface is 1.5
eV 1912 and, due to the high dopings, the magni-
tude of the band bending will equal the band gap,
the top of the valence band should be only 1.5 eV
from the vacuum level over most of the depth of
emission.

The spectral distribution of the quantum yield
is given in Fig. 1. The maxima at 3.4 eV (', to
I';5) and 5.4 eV (L, to L) and the minimum at 4.4
eV (X, to X,) discussed previously* are present.
In addition, the absorption peak at 3.7 eV predict-
ed by Tauc and Abraham*'® from their studies of
the germanium -silicon alloy system is clearly re-
solved for the first time. The complete resolution
of the peak here, but not in the data of van Laar
and Scheer,!° strongly supports the assumption
that the significant band bending here was restrict-
ed to within about 20 A of the surface.

Representative energy distribution curves are
given in Figs. 2 and 3.* These curves have sev-
eral striking features. For photons with energies
less than about 3.0 eV, the curves are roughly
Gaussian in form and move to higher energy as
hv increases, i.e., the distribution to the low-
energy side of the peak as well as that on the high-
energy side moves to higher energy as kv increas-
es. However, for photon energies greater than
that (about 3.0 eV) at which the first strong optical
absorption starts to appear (see Fig. 4 in refer-
ence 3), the distribution on the low-energy side
of the maximum changes very little as 4v increas-
es. This suggests that the lowest energy states
for the optical transitions involved are fixed for
hy>3.0 eV and do not change appreciably as kv
increases. For energies between 3.0 and 3.4 eV,
the distribution is still roughly Gaussian, but the
number of higher energy electrons increases with
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FIG. 2. Energy distribution curves. The energy of
the exciting photons is indicated on each curve. The
curves have been normalized to give equal peak N(E)dE.

increasing Av. For hv>3.4 eV, the distribution
seems to be made up of two components; one is
the Gaussian which was obtained for 2v=3.4 eV
(centered at 1.0 eV) and the second is a Gaussian
at higher energy. The second distribution's at-
tains its final form (centered at 2.3 eV) for a pho-
ton energy of 5.4 eV. These are the characteris-
tics to be expected if the dominant optical transi-
tions giving rise to the photoemission are those
into two groups of conduction band states.! The
fact that each characteristic distribution attains
its final shape at the photon energy corresponding
to a strong absorption peak® (see Fig. 1) makes
possible the unambiguous assignment of each dis-
tribution to an optical transition: the distribution
centered at 1.0 eV to the 3.4-eV transition and the
distribution centered at 2.3 eV to the 5.4-eV tran-
sition.

As was discussed previously,! values may be ob-
tained from such data for the absolute energies of
the states involved; however, there are several
factors which may serve to introduce some uncer-
tainty in such assignments. Experimentally, band-
bending and energy-loss processes will tend to
“smear out” the distributions. However, for a
peak such as that at 2.3 eV which lies near the
highest energy of the distribution, these effects
will be minimized, since the electrons which have
reduced energy due to these effects will lie at en-
ergies lower than 2.3 eV and will not tend to mask
that peak.

Since the optical transitions are between bands

- Si+Cs
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FIG. 3. Energy distribution curves. For kv=5.4 eV,
the curve has been divided into the two characteristic
curves. One is centered at 1.0 eV and the other at 2.3
eV. The symbols I'j5 and L  indicate the final state as-
signed (see reference 2) to the optical transition asso-
ciated with these transitions.

and not discrete stages and since lifetime broaden-
ing may prevent an absorption edge from being
completely sharp, there is a second possible
source of error in associating an absorption max-
imum with the separation between the extrema of
two states.!s!® However, the flatter and less com-
plicated the bands are at the transition point, the
more likely it is that the peak in optical absorp-
tion will coincide with the extrema of the bands
and also that a peak in the energy distribution
curve will coincide with a band extrema. For the
L4, to L, transition, the bands for both the final
and initial states are relatively flat and are well
separated from other bands'?; thus the best data
on the absolute value of the final state should be
obtained for the 5.4-eV (L4 to L) transition.

In Table I, values are presented for the absolute
energy (referred to the top of the valence band) of
the energy levels obtained experimentally. For
comparison, the theoretical values of Phillips'’
are also given. Only the values for the Ly to L,
and Iy, to ' ; transitions are obtained solely from
the energy distribution data. A possible error of
+0.2 eV is estimated for these values based on the
uncertainty of the zero of energy in the velocity
distribution curves and of the electron affinity.

As is to be expected, the agreement between ex-
periment and theory is very good for the Lq to L,
states. The apparent disagreement for the I,/ to
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Table I. Comparison of the experimentally determined values for the energy levels with the theoretical values

(see references 17 and 18).

Peak in Energya of final Energya of initial
Optical energy stateP c stateP c
transition distribution Experiment Theory Experiment Theory
Transition (eV) (eV) (eV) (eV) (eV) (eV)
Ly —~Lg 5.4 2.3+0.2 3.8+0.2 4.0 -1.5%0.2 -1.4
Ty’ —~T'js 3.4 1.0%0.2 2.5+0.2 3.4 -0.9%0.2 0.0
XXy 4.4 1.1SE=<1.5 1.3 -3.3<E=-2.9 -3.1
d
Ag— Ay 2.55d 1.15
3.7 0.5+0.4 2.0+0.4 1.7+0.4
Ly—L, (2.3) (-1.4)

Awith respect to highest valence band maximum.
For an effective electron affinity of 0.4 eV.
See reference 17.

Assuming that the energy difference between A3 and Ly is the same for Si and Ge (see reference 16).

I, transition is much larger than that due to the
uncertainty in the electron affinity and zero of en-
ergy for the energy distribution or to other experi-
mental difficulties. The major reason for the ap-
parent disagreement becomes clear, if the E ver-
sus k diagrams for silicon'’'® are examined. Near
the ' point both the lowest conduction band and the
highest valence band are practically parallel and
slope downward. Thus, for 2v=3.4 eV, transitions
will be made to the lower lying conduction-band
states as well as to those at the I'}; point. This
will shift the maximum of the energy distribution
curve to a lower energy as is observed experimen-
tally.

Based on the measurements reported here, lim-
its may also be placed on the energies of the states
involved in 3.7- and 4.4-eV transitions. Since the
4.4-eV transition gives an extremely strong mini-
mum in the spectral distribution curve (Fig. 1),
the final state must lie below the vacuum level,
putting an upper limit of 0.4 eV on the energy of
the final state. This is in good agreement with the
assignment of this peak to the X, —X, transition.?
The experimental data are not in agreement with
the suggestion'® that this transition is due to tran-
sitions between states near the middle of both the
initial and the final bands, since if such were the
case, the energy in the final state should be about
0.9 eV or larger.

Basing their argument on the shape of the ab-
sorption curve, Phillips, Brust, and Bassani!®
have recently suggested that the 3.7-eV optical
transition is not due to an L4, to L, transition,?»*
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but to a A; to A, transition. The appearance of a
well-defined peak in Fig. 1 corresponding to this
transition is in agreement with the new assign-
ment of this transition.'® Estimates of the ener-
gies of the states involved in this transition were
obtained by analyzing fine structure in the energy
distribution curves® and by taking cognizance of
the fact that, as can be seen by comparing the data
here with that of van Laar and Scheer,'° the photo-
emission due to this transition is drastically af-
fected by relatively small variations in band bend-
ing. These results are given in Table I and are
compared to the calculated energies for both the
Agto A, and Ly, to L, transitions. Comparing the
experimental energies for this and the Lg, state,
and remembering that Ly, and Ag should be sepa-
rated by only about 0.25 eV,'® it is clear that the
experimental values of the energy levels are not
precise enough to distinguish between the two pos=-
sible transitions. However, the experimental data
do place the initial state for the 3.7-eV optical
transition close (in energy) to the L,, state in
agreement with either assignment.

More detailed analysis of the energy distribu-
tion curves for photon energies which do not cor-
respond to critical points should give information
on the band structure away from such points. Ap-
propriate analysis of the energy distribution
curves should also give information on the pro-
duction of secondary pairs by electrons with ki-
netic energies in excess of the band gap energy.

It is a pleasure for the authors to acknowledge
their gratitude to Dr. J. C. Phillips of the Univer-
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grateful to Dr. J. C. Phillips and Dr. J. J. Scheer
for preprints of their work.

*The research reported in this paper has been spon-
sored in whole or in part by the U. S. Army Engineer
Research and Development Laboratories, Fort Belvoir,
Virginia, under Contract DA44-009- ENG-4913.

TPresent address: Stanford University, Stanford,
California.

W, E. Spicer and R. E. Simon, J. Phys. Chem. Sol-
ids (to be published).

2H. Ehrenreich, H. R. Philipp, and J. C. Phillips,
Phys. Rev. Letters 8, 59 (1962); J. C. Phillips, Phys.
Rev. 125, 1931 (1962).

3H. R. Philipp and E. A. Taft, Phys. Rev. 120, 37
(1960).

4J. Tauc and A. Abraham, Proceedings of the Inter-
national Conference on Semiconductor Physics, Prague,

1960 (Czechoslovakian Academy of Sciences, Prague,
1961), p. 375.
SM. Cardona, Suppl. J. Appl. Phys. 32, 2151S (1961).
6M. Aven, D. T. E. Marple, and B. Segall, Suppl. J.

Appl. Phys. 32, 2261S (1961).

'"W. E. Spicer, J. Appl. Phys. 31, 2077 (1960).

8w. E. Spicer, RCA Rev. 19, 555 (1958).

%J. J. Scheer, Philips Research Repts. 15, 584 (1960).

103, van Laar and J. J. Scheer, Philips Research
Repts. 17, 101 (1962); G. W, Gobeli and F. G. Allen,
Phys. Rev. 127, 141 (1962).

Hp, G. Allen, T. M. Buck, and J. T. Law, J. Appl.
Phys. 31, 979 (1960).

2R, E. Simon and W. E. Spicer, Phys. Rev. 119,
621 (1960).

133, Tauc and A. Abraham, J. Phys. Chem. Solids
20, 190 (1961).

For experimental details, see W. E. Spicer, J.
Phys. Chem. Sonlids 22, 365 (1961); or Phys. Rev.
125, 1297 (1962).

5The inability to resolve these two peaks previously
(see reference 1) can be attributed to the effect of band
bending.

183, C. Phillips, D. Brust, and F. Bassani, Phys.
Rev. Letters 9, 94 (1962).

173, C. Phillips, Phys. Rev. 125, 1931 (1962).

8D, Brust, M. Cohen, and J. C. Phillips, following
Letter [Phys. Rev. Letters 9, 389 (1962)].

M. Cardona and H. S. Sommers, Phys. Rev. 122,
1382 (1961).

20W. E. Spicer and R. E. Simon (to be published).

REFLECTANCE AND PHOTOEMISSION FROM Sif

D. Brust®
Argonne National Laboratory, Argonne, Illinois

and

M. L. CohenI
University of Chicago, Chicago, Illinois

and

J. C. Phillips |

Bell Telephone Laboratories, Murray Hill, New Jersey
(Received September 26, 1962)

We have used the pseudopotential method': 2 to
calculate the energy bands of Si at about 50 000
points throughout the Brillouin zone in a manner
similar to that previously reported for Ge.* The
pseudopotential parameters in rydbergs were
chosen to reproduce the energy levels at I', X,
and L deduced® from cyclotron resonance and re-
flectance data:

Vi =-0.21, V,,,=0.04, V,, =0.08. (1)

The resulting energy bands are shown along the
principal symmetry axes in Fig. 1. Neglecting
lifetime broadening, the contribution of direct

transitions to €,, the imaginary part of the dielec-
tric constant, is given in terms of the oscillator
strength f by

€E /W =T [ NE), (2)
2

where j labels valence bands, i conduction bands,
Eij =E; -Ej, and N(E) is the density of states hav-
ing energy difference E. We have evaluated ¢,
as in reference 3, with the result shown in Fig. 2.
(The experimental curve is due to Philipp.%) The
experimental and theoretical energies at the points
of interest shown in Fig. 1 are compared in Ta-
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