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Evidence for Covalent Bonding in Crystalline and Amorphous As, Sb, and Bi
from Valence-Band Photoelectron Spectra
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X-ray photoelectron spectra (XPS) of the valence bands of crystalline and amorphous As,
Sb, and Bi have been measured. The results are compared vrith band-structure calculations
for the crystalline materials. A splitting, ~, of the "s-like" peak for the crystalline phase
disappears in the amorphous phase and the "p-like" peak is shifted towards higher energies.
This similarity to tetrahedrally coordinated covalent semiconductors is explained by describ-
ing the semimetals as layers of distorted covalently bonded hexagonal rings. This generalizes
the "even-odd" ring effect previously observed in group-IV semiconductors to the A.7 lattice
of As, Sb, and Bi. The relation of b,E to the interatomic distance is described by a universal
curve, which applies to the group-V semimetals as we11 as group-IV semiconductors.

I. INTRODUCTION

%eaire and Thorpe have used the concept of to-
pological disorder ln attemptl. ng to underStand the
proyerties of amorphous semiconductors. ~~ They
used model Hamiltonians of the tight-binding type
to calculate the density of states in crystals of the
diamond structure, and obtained the charactexistic
splitting in the lowest "s-like" peaks in the valence
bands using these Hamiltonians. They emphasized
the importance of six-membered rings in the dia-
mond structure and suggested that a random-net-
work amorphous structure, with both fivefold and
sixfold rings, would not exhibit well-resolved
splitting in the s-like peak. Joannopoulos and
Cohen carried out empirical-yseudoyotential-mod-
el (EPM) band-structure calculations on several
forms of silicon and germanium. They found a
single broad s-like peak in p(E) for the ST-12
structure, which has five- and seven-membered
rings, and they attributed the lack of splitting to
the presence of odd-numbered rings. Single s-like
peaks were indeed observed in the x-ray photoelec-
tron spectra (XPS) of amorphous silicon and germa-
nium. ' Both the form of %eaire and Thorye's one-
band Hamiltonian and the discussionby Joannopoulos
and Cohen may be interpreted as i.mplying splitting
in the s-like peak in a broader context than the dia-
mond lattice, and loss of this splitting in the amor-
phous state. %e report XPS on crystalline and
amorphous As, Sb, and Bi which show exactly this
behavior. Furthermore, for the six elements
studied to date, the s-peak splitting falls on a uni-
versal curve when plotted against nearest-neighbor
distance. Thus both s-peak splitting in the crys-
talline state and its disappearance in the amor-
phous state appear to be general phenomena for
simple covalent solids. In addition to its intrinsic
theoretical importance, this result should prove

valuable both as a diagnostic device for identifying
amorphous phases and as a covalent reference
point for establishing an ionicit'y scale.

II. EXPERIMENTAL

The XPS measurements were performed in a
Hewlett-Packard 5950A ESCA spectrometer using
monochromatic Aj,Ã x rays. The over-all resolu-
tion of this instrument as determined from the
broadening of the Fermi edge in the valence-elec-
tron density of states of several metalse was 0. 55
eV.

Monocrystalline samples of As, Sb, and Bi were
cleaved in a dry Na atmosphere and immediately
transferred into the spectrometer vacuum without
exposure to air. No oxygen contamination was de-
tected by in situ monitoring of the 0 ls line on the
As sample. Small amounts of oxygen on the Sb and
Bi samples could easily be removed by gentle (200
eV, 10 pA) argon-ion bombardment for 45 sec and
2 min, respectively. During the measurements a
pressure of 5x10 Torr was maintained, and no
oxygen or carbon buildup was observed. The accu-
mulation time for each spectrum varied in the
range from 6 to 10 h.

Amorphous As was preyaxed in the spectrometer
by flash evaporation of a thin film onto a gold sub-
strate at room temperature. The amorphous Sb
and Bi samples were prepared by argon-bombard-
ing single-crystal surfaces for about 30 min with 10
pA of 900-eV Ar+ ions. Earlier experiments with
Si and Ge yielded essentially identical "amorphous"
spectra for evaporated films and argon-bombarded
crystals.

III. RESULTS AND DISCUSSION

The uncorrected photoelectron spectra I(E) ot the
valence-band regions of the crystalline and amor-
phous modifications of the three semimetals are
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FIG. 1. Uncorrected (dots) and corrected (line) photo-
electron spectra of the crystalline and amorphous semi-
metals.

shown in Fig. 1, together with the corresponding
corrected spectra I'(E). A response function was
constructed from the low-energy tails of the nearby
d levels (not shown) in each case to correct for
secondary electrons in I(E). In an iterative unfold-
ing procedure, using these response functions, the
corrected spectra I (E) were obtained.

The over-all similarity of the XPS in Fig. 1 re
fleets the similarities of electronic configuration
(s P ) and, for the crystalline samples, of crystal
structure (A7 in each case) in these group-V ele-
ments. There are two atoms per unit cell in the
A7 structure, with ten electrons filling five valence
bands. In free atoms of these elements, the va-
lence s electrons are bound 8-10 eV more tightly
than the valence P electrons. The mean splittings
between peaks 1-2 (Fig. 1) and peaks 3-4 (Fig. 1)
are approximately 8.4 eV (As), 7.2 eV (Sb), and
8.6 eV (Bi). Using the free-atom configuration

s PuaPst2 ~ the mean s-P splittings in free atoms
can be estimated as 9.8 eV (As), 8.4 eV (Sb), and
9.7 eV (Bi). Since the cohesive energies of these
elements are only 2-4 eV per atom, one would ex-
pect a priori to find separate peaks corresponding
to s and P electrons, in the absence of unusually
strong s-P mixing, with the s peak(s) lying lower.
Theoretical band-structure calculations do indeed
show two reasonably well-separated s-like bands
several eV below the Fermi level E&, and three
P-like bands near E&. " We assign the lower
peak (labeled 1-2 in Fig. 1) to the former and the
upper peak (3-4 in Fig. 1) to the latter. Derived
energies of characteristic features in I (E) for the
crystalline samples are set out in Table I together
with the binding energies of the outermost d elec-
trons. Although the same two general features
were observed in the spectra of the amorphous ma-
terials, most of the finer structure was completely
lost.

It has been shown in recent investigations of the
valence-electron spectra of elements' and simple
binary compounds that the interpretation of photo-
emission data in terms of the density of states p(E)
of the solid is quite justified, provided effects of
photoelectric cross-section variation throughout
the valence bands are properly taken into account. 3

Densities of states provide therefore the best means
of a detailed and quantitative comparison of photo-
electron spectra with theoretical band structures
and experimental data related directly to the band
structures. Several band- structure calculations
for the semimetals As, Sb, and Bi (Refs. 9-11)
have been carried out along various symmetry di-
rections in the Brillouin zone, but they all lack the
detailed mapping of energy levels throughout an ir-
reducible part of the Brillouin zone which is nec-
essary to derive p(E). A comparison of these cal-
culations with our measurements is therefore lim-
ited to some prominent features which can easily

TABLE I. Binding energies of characteristic features in the XPS of crystalline As, Sb, and Bi.

Bottom of
valence band

As (eV)

17.0+ 0. 3
Bottom of

valence band

Sb (eV)

13.3+ 0.3
Bottom of

valence band

Bi (eV)

14.0+ 0. 2

1
2
3
3I

Ep

3d

13.26+ 0.10
10.64 + 0.08
3.53 +0.06
2.51+ 0.13
0.0+0.05

41.7+0.1

1
2
3I
3
4
4I

E~

4d3f 2

4d5] 2

10.45 +0.08
8.78+0. 06
3.68+0.20
2.63+0.09
1.87+0.08
0. 82~0. 06
0.0+0.05

33.44+0. 09
32. 14 + 0.09

1
2
3
4

Ep

5']2
5ds]2

11.54+0. 10
10.36+0.08
3.45+0. 05
1.30+0.06
0.0+0.05

26. 94+0.07
23.90+ 0.07
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be deduced from an inspection of the given band
structures.

Relatively flat parts of the P-like bands between
symmetry points I' and L and along the 1 -T direc-
tion near the Fermi level can most likely be iden-
tified with the maxima 3-3, and 3-4 in the density
of states of As and Sb, respectively. The band
minima of these bands at points U, X, and W and
the Fermi level mark bottom and top of these peaks.

The mean positions of the lower doublets 1-2 in
the photoelectron spectra are approximately deter-
mined by the energy of the two s bands at L j, L4,
and X4 while the width is unambiguously given by
the separation of these two bands at point I' in the
center of the Brillouin zone. At this level of inter-
pretation we compare in Table II available band-
structure calculations of the semimetals with the
photoelectron spectra of the crystalline species.
The agreement for As and Sb is as good as can be
expected, except for the total width of the valence
bands, which is consistently calculated too small,
the difference decreasing from 3 eV in As to 1 eV
in Sb. Augmented-plane-wave (APW)" " and
EPM band-structure calculations for Bi both
underestimate the width of s and P bands by consid-
erable amounts: 1.7 eV (APW) and 1.9 eV (EPM)
for the s bands, and 0.8 eV (APW) and 1. 5 eV
(EPM) for the P bands.

Moreover, the EPM calculation yields a mean
separation of the s and P valence bands which is
about 2 eV smaller than our experimental result.
The reason for this discrepancy may be found in
the final adjustment of the pseudopotential param-
eter A [Ref. 11(b)], which summarizes the effects
of relativistic corrections and the nonlocal charac-
ter of the pseudopotential on bands with s-atomic
character.

Moving down from As to Bi, changes in the struc-
ture of the P-like peak arise dominantly from rela-
tivistic effects rather than from crystal-field ef-
fects. The single asymmetric peak 3 in As splits
into two peaks (3 and 4) in Sb. The splitting in-
creases to 2.2 eV in Bi. It has been shown for Bi'
that this splitting can be identified with the effect
of spin-orbit interaction on the P-like bands near
the center of the Brillouin zone (I'). The relativis-
tic Hartree-Fock-Slater free-atom value' of 2. 16
eV for the 6P spin-orbit splitting in Bi corresponds
closely to the observed splitting in the P-like band.
The measured value for Sb of 0.76(8) eV compares
equally well with the calculated 5P free-atom value
of 0.71 eV. It is unusual for the spin-orbit split-
ting to come through so cleanly as a splitting in the
valence-band density of states, because the Hamil-
tonians for the spin-orbit and crystal-field inter-
actions do not commute and the corresponding en-
ergies are not additive. The d bands of silver~ and
gold" provide counterexamples in which the split-

ting far exceeds the free-atom spin-orbit splitting
in magnitude. Shoulders 3 and 4 in the I (E) curve
for Sb most likely arise from bands near the sym-
metry points L 4 and T& and X& and X4 in the Bril-
louin zone.

Turning now to the s-like bands, we observe a
pronounced splitting of the s peak (1-2 in Fig. 1) in
the densities of states of all three group-V semi—
metals As, Sb, and Bi. This splitting decreases
from 2. 62(8) eV in As to 1.67(6) eV in Sb to1. 18(8)
eV in Bi (see Table II). A parallel decrease in
width (full width at half-maximum) of this peak from
5. 2(2) to 4. 6(2) to 4. 0(1) eV is also evident. The
two components of the s peak differ in intensity in
each case. After decomposition into two peaks, we
obtain an intensity ratio of 1.3 for As, 1.3 for Sb,
and 1.2 for Bi. Since only two nondegenerate bands
are responsible for the doublet structure, this in-
tensity difference is most likely due to cross-sec-
tion modulation of the photoelectric effect. An ad-
mixture of P-like character into band 2 would in-
crease its photoelectron cross section relative to
that of band 1 as was earlier observed for Ge. ' In
Bi the drop in the intensity ratio coincides with a
marked increase in the mean s-P band separation
because of the relativistic lowering of the s-elec-
tron energy. This provides direct experimental
evidence for the dehybridizing effect of relativistic
corrections in solids.

The density-of-states results for amorphous As,
Sb, and Bi are significantly different from those of
the respective crystalline modifications. The s
bands do not exhibit double-peaked structure and
there is less structure in the P-like bands in As
and Sb, while the spin-orbit splitting in Bi is un-
changed. In all three cases the maximum in the
density of states is shifted toward the Fermi ener-
gy by a few tenths of an electron volt. The replace-
ment of peaks 1 and 2 in the crystalline samples by
a single peak in the amorphous spectra is caused
by a redistribution in the density of states rather
than simply by broadening of the two peaks. This
is especially true in Sb and Bi. As evidence for
this we note that the total widths of the s-band
peaks as well as the valley between the s and P
bands remain essentially the same in going from
the crystalline to the amorphous material.

The startling agreement between these observa-
tions and those made earlier' for the prototypical
covalent crystals Si and Ge suggests an interpreta-
tion of the semimetal spectra along similar lines.
The distortions which lead from the diamond fcc
lattice to the A7 lattice of As, Sb, and Bi obviously
do not destroy the main features in the density of
states. The experimental s-band splitting in the
semimetals is rather well reproduced by the sepa-
ration of these bands at points T& and T& in the Bril-
louin zone, as shown by a comparison with avail-
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TABLE II. Comparison of band-structure calculations with prgminent features in the photoelectron spectra of As, Sb,
and Bi. The theoretical entries are the position of the symmetry points listed in the lastcolumn. All energies are ineV.

Experiment (As)
Binding
energy

TB
Ref. 9b

Theory (As)
EPM SCF OPW

Ref. 9(a) Ref. 9(b)
Symmetry

points

E
Peak 3'
Peak 3
Bottom of

peak 3
Mean position
doublet 1, 2

Bottom of
valence band

Splitting
1-2

0. 0
2. 5
3.5

7.3

11.8

17.0

2. 62 + 0. 08

0. 7
2, 1

3.5+0.2

6. 9

11.5 +0.4

14.9

2.90

0. 8
2.4

3.5+0.2

7.4

11.6 +0.4

14.7

2. 83

0. 9
2. 2

3.5+0.2

7. 1

11.5+0.4

14.7

3.27

+S
LR, L4,

Xg

Lg, L4

TR —Ti

Experiment (Sb)
Binding
energy

EPM
Ref. 10

Theory (Sb)
Symmetry

points

Ep
Mean position
of peak 3, 4

Bottom of peak
3, 4

Top of doublet
1 2

Mean position
of doublet 1, 2

Bottom of
valence band

Splitting of
doublet 1-2

0.0

2.4

5.5

7.0

9.8

13.3

1.67+0. 06

1.0

2.4+0.1

5. 8

7.1

10.8+0.3

13.1

1.71

S, L4

Xg

Lg, L4

TR Tf

Experiment (Bi)

Bottom of
doublet 3, 4

Top of
doublet 1, 2

Mean position
of doublet 1, 2

Bottom of
valence band

Splitting of
doublet 1-2

Binding
energy

5. 2

8.1

11.2

14.0

1,18+0.08

APW
Ref. 11(a)

0+0.2

4 4

8. 8

11.0+0.2

13.0

1.29

Theory (Bi)
EPM

Ref. 11(b)

3.7

6.6

8. 8+0.2

10.5

1.78

Symmetry
points

X5

L5, Lv

p+
6

Tight-binding calculation.
Empirical pseudopotential model; the results of poten-

tial "P1"are given.
'Self-consistent orthogonal-plane-wave calculation.

Average energy and maximum deviation in the position
of the symmetry points.

eAugmented-plane-wave calculation.

able theoretical data in Table II. Points T& and T&

correspond to points L
& and LI in the diamond lat-

tice. It has been pointed out that the existence of
sixfold rings in the diamond structure is crucial
for the preservation of well-separated s bands
(peaks 1 and 2) in the density of valence-band states

which correspond to the bonding and antibonding s
levels of covalently bonded atoms. ~'4 In As, Sb,
and Bi the lattice is composed of layers normal to
the trigonal axis. There are three weak bonds per
atom between layers, and within a layer there are
three stronger bonds which produce a two-dimen-
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sional array of distorted hexagonal rings. ' We
therefore interpret the XPS of As, Sb, and Bi as
extending the generality of the "odd-even" ring ef-
fect on the valence bands. Apparently s-peak split-
ting is present in these covalently bonded A7 lat-
tice crystals because of the even-numbered rings,
while the odd-numbered rings that presumably are
present in the amorphous materials preclude reso-
lution of these peaks into two simple components.

The "blue shift" of the P peaks in the density of
the amorphous state gives a direct measure of the
deviation of the sample from its ground equilibri-
um state. Joannopoulos and Cohen have given an
explanation for a similar effect in Si and Ge, which
can readily be applied to the semimetals. The en-
ergy of electrons localized in the bond region be-
tween the atoms is sensitive to variations in bond
angle through the repulsive Coulomb interaction
between electrons in adjacent bonds. Though a de-
crease of one angle is always accompanied by an
increase in another angle, the nonlinear interaction
between the bonds results in a net increase in ener-
gy. This increase in energy is responsible for the
blueshift of the P bands, which localize electrons
primarily in the bond region. The lower s-like
electrons are not affected by variations in bond an-
gle because they are primarily localized on the at-
oms.

In this sense it is justified to refer to the two
lower peaks in the density of states of covalently
bonded elements as "s Peaks" as distinguished from
the "P peak" even though the symmetry of the two
lowest bands may vary and may even be P like ps
is the case for the group-IV elements at point I'&,

in the Brillouin zone. This point of view is consis-
tent with the observed cross sections for x-ray
photoemission from diamond, silicon, and germa-
nium

Finally, the observed sy.itting in the two lowest
valence-band peaks of the covalent groups-IV and
-V elements C (diamond), Si, Ge, As, Sb, and Bi
are related in a very simple way. When plotted
against nearest-neighbor distance d, these split-
tings follow a universal curve given by

5=C

C

2
O
Q)
CL
I

Ge

As

Sb

8i

0
I-5

I I I

2.0 2.5 3-0, 3.5
Nearest-neighbor distonce (A )

FIG. 2. Plot of the s-peak splitting vs the nearest-
neighbor distance for covalently bonded elements; the
carbon point (diamond) is taken from Ref. 13.
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4E(eV) = 8. 0 —2. 2 xd(A),

as shown in Fig. 2. That &E should follow such a
simple equation is somewhat surprising, because
differences in coordination and hybridization might
be expected to play a larger role. Apparently the
effect of overlap, which of course decreases strong-
ly with distance, is dominant. With further study
it may be feasible to give a detailed explanation for
the variation of 4E. Meanwhile the observed 4E-
vs-d relation can serve as a covalent reference
point in establishing an experimental ionicity scale
based on valence-band spectra.
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An analysis has been carried out for obtaining the free- and bound-exciton lifetimes from optical phase

shifts measured on crystals with surface loss. It is found that the bound-exciton lifetime can be

obtained directly from the measured phase shifts associated with the free- and bound-exciton lines,

regardless of the surface condition. The optical phase shift of the freewxciton line from a "surface-free"

crystal should be larger than that measured on the same crystal but with a lossy surface. Experiments

to measure the phase shifts of free excitons and excitons bound to neutral and ionized donors (8 and

8+) and neutral acceptors (A ) have been carried out and the various lifetimes have been deternuned

from the above analysis. It was found that &~ ——1.07+0.1 nsec, &~ ——0.8+0.08 nsec, and

&„0——1.6+0.6 nsec at 1.6 K. The free-exciton lifetime decreases with increasing impurity concentration

in the material (the longest lifetime obtained being 2.9+1.3 nsec), indicating that the decay of free

excitons is not governed by the direct annihilation of the electron-hole pairs.

I. INTRODUCTION

The edge emission around 1.5 eV in high-purity
GaAs at low temperature (& 4. 2 K) consists of sev-
eral sharp lines at l. 5157, 1.5141, 1.5133, and
1.5121 eV due to recombination of both free exci-
tons md excitons bound to donors and neutral ac-
ceptors. ' The stress dependence of the line po-
sition shows that the 1.5157-eV line is due to the
decay of @=1free excitons. e'~ The line at 1.5141
eV has been identified as arising from the decay of
excitons bound to neutral donors from the splitting
behavior of the donor excited states in a magnetic
fje]d~ and from the agreement between the observed
peak position and that expected from the electron-
hole mass ratio recently calculated by Baldereschi
and Lipari. 8 The decay of excitons bound to neu-
tral acceptors has been shown from Zeeman exper-
iments and from the temperature dependence of the
line intensitys to be responsible for the emission at
1.5121 eV. 5 Although thex e has been no definite
assignment of the origin of the 1.5133-eV line, it
has been associated with the recombination of exci-
tons bound to ionized donors simply because the
line position is consistent with that expected from
effective-mass considerations. ' In this paper,
measurements of lifetimes of these excitons are

reported.
Information on the lifetimes is very useful in un-

derstanding the decay mech'edsm of the excitons.
For example, dependence of free-exciton lifetime
on impurity concentration indicates that free exci-
tons decay through impurity trapping. Comparison
of the measured lifetime with the theoretical life-
time will show the importance of nonradiative pro-
cesses. ~~ No measurements have been reported
for the lifetimes of the above excitons in GaAs.
This is perhaps not surprising, since these exciton
lifetimes are extremely short (- 1 nsec }, which makes
real-time decay experiments impractical (instru-
ment limited). Furthermore, the requirement of
high spectral resolution because of the location of
several sharp lines in a small spectral region
(- 35 meV) means that one is working with a very
weak detected signal in the usual optical-phase-
shift techniques. ~~3 Kith an improved optical-
phase-shift system reported earlier, we are able
to measure the phase shifts associated with the
various exciton lines.

It has been demonstrated that the same crystal
with and without surface recombination shows dif-
ferent measured phase shifts associated with the
free-electron-hole recombination. '~6 In the ab-
sence of any "surface-free"" crystals, it is nec-


