
PHYSICAL REVIEW 8 VOLUME 34, NUMBER 8 15 OCTOBER 1986

Experimental study of the band structure of GaP, GaAs, Gasb, InP, InAs, and Insb

Gwyn P. %illiams
Rational Synchrotron Light Source, arookhauen Rational Laboratory, Upton, Rem Fork 11973

F. Cerrina

Department of Electrical and Computer Engineering, Uniuersi ty of Wisconsin M—adison, Madison, Wisconsin 53706

G. J. Lapeyre, J. R. Anderson, R. J. Smith, and J. Hermanson
Physics Department, Montana State University, Bozeman, Montana 59717

(Received 23 September 1985)

An experimental study of the band structures of GaP, GaAs, GaSb, InP, InAs, and InSb has been

made with use of polarization-dependent angle-resolved photoemission. We describe an analysis of
the data which allowed us to do band mapping (E vs k&) among some 30 bands both occupied and
unoccupied, distributed in the range from 20 eV above to 8 eV below the valence-band maximum.
The measurements were made for the (110}direction I —K—X along line X in the Brillouin zone.
The experiments utilized synchrotron-radiation-induced photoemission in which the polarization of
the light and collection angles of the electrons were carefully controlled. We compare the data with

calculated band structures and tabulate critical-point energies.

I. INTRODUCTION

We have made an extensive experimental study of the
band structures of the six III-V semiconductor com-
pounds GaP, GaAs, GaSb, InP, InAs, and InSb with use
of polarization-dependent angle-resolved photoemission in
the range 10&fico &30 eV. The studies were made along
the (110) crystallographic direction, normal to the [110]
cleavage plane. This corresponds in reciprocal-lattice
space to investigations from the zone center at I" to point
E then to point X, along the X line.

There have been many calculations to date of the intrin-
sic band structures'z of the III-V compound semiconduc-
tors and several experimental determinations of the GaAs
and GaP bands. An excellent review has been present-
ed by Ley and Cardona. The most comprehensive studies
have been concerned primarily with the occupied bands
1—4. Conduction bands have been studied but with few
data points. We have previously reported some of the pre-
liminary findings of this work on InAs.

In this paper we report studies which we have made for
both occupied and unoccupied bands for all six of the
III-IV compounds mentioned previously. %'e also include
detailed discussions of the methods used to extract the
wave-vector information from the experimental data and
hence do "band mapping. " Briefly the method involves a
correlation of the experimental results with the predic-
tions of a theoretical band-structure calculation to deter-
mine values of ki, the normal component of momentum
for the interband transitions observed in the spectra. The
theoretical bands are then adjusted as needed to improve
the agreement with the data. Taking into account sym-
metry selection rules and the possibility of surface um-
klapp processes, we were able to account for almost all the
peaks in the experimental spectra in terms of the initial
and final bands. We were then able to reconstruct the
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FIG. 1. (a) Face-centered-cubic Brillouin zone showing the
(110) cleavage plane. (b) Cross section through an extended fce
Brillouin-zone scheme showing the X line.
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band structure of the materials in the region of the Bril-
louin zone investigated. Our data cover some 30 bands ly-

ing in energy from 8 eV below the valence-band max-
imum (VBM) to 20 eV above it.

II. III-V COMPOUND LA j. z ICE STRUCTURE
AND PHOTOEMISSION GEOMETRY

The III-V compounds have the face-centered-cubic
structure, the Brillouin zone for which is shown in Fig.
1(a). The crystals cleave readily to reveal the [110] sur-
face whose plane is shown in the figure. We also show in
Fig. 1(b) a cross section through an extended Brillouin
zone scheme perpendicular to the [110j surface. The
[110] surface in real space is depicted in Fig. 2, which
shows the single mirror plane (MP) and the Ga empty
dangling bond direction. We label this the /=0' azimuth,
and increase azimuthal angles in a clockwise direction
when looking at the crystal face from above.

Due to the high density of bands the photoemission
spectra from the III-V compounds contain a large number
of peaks. To prevent overlapping of peaks it was neces-
sary to carefully control the number of allowable transi-
tions in a given spectrum.

The first restriction we imposed was geometrical and
was to confine all our studies to normal emission +2'.
Thus, both electron energy and momentum were deter-
mined experimentally. For normal emission the electron
momentum parallel to the surface both inside and outside
the crystal is zero. The only allowable transitions we
could observe then were those along the X line which runs
from I to point E then point X and is shown in Fig. l.
Thus, the volume of k space from which transitions could
be detected was limited.

The second restriction we made was to control the
orientation of the electric vector A of the incident light.
Polarized light of these wavelengths (300—2000 A) was
obtained from the Tantalus 1 240-MeV electron storage
ring at the University of Wisconsin-Madison.

Synchrotron radiation from the storage ring was passed
through a 1-m normal-incidence Rowland circle mono-

chromator with a resolving power of 200. A refocusing
mirror produced a demagnified image of the monochro-
mator exit slit on the sample which was located at the
focus point of a double-pass cylindrical mirror analyzer
(CMA). The CMA was usually operated at a pass energy
of 15 eV, giving a combined resolving power for the elec-
tron spectrometer and monochromator of about 300 MeV.
The useful photon energy range was from 5 to 30 eV. The
samples were cleaved in situ using a sharpened tungsten
carbide blade against a copper anvil. The crystal fracture
was produced by a slow increase in force of the blade
against the anvil.

The incident light geometries we used were (1) normal
incidence, A parallel to the MP, (2) normal incidence, A
perpendicular to the MP, (3)—(5) p polarization, oblique
incidence at azimuthal angles of 180', 0', and 90', respec-
tively. Note that A is approximately parallel or perpen-
dicular, respectively, to the empty dangling bond in
geometry (4) or (3).

In order to achieve geometries of this kind, the CMA
itself was modified to allow the light beam to pass
through the CMA cylinders at the magic angle of 42.3'
from the CMA axis. A further modification to the CMA
was the addition of a drum and aperture, as shown in Fig.
3, which passes a restricted azimuthal portion (+2') of the
cone of trajectories passed by a conventional CMA. The
drum rotates about the CMA axis permitting the azimu-
thal collection angle to be varied freely. If the sample
normal is along the CMA axis (C), an azimuthal scan of
emission angles can be made for the fixed polar angle of
42.3'. In addition, a special manipulator was constructed
which placed the sample normal along the CMA accep-
tance cone direction. The sample could be rotated in-

dependently about its own normal and about the CMA
axis.

Relating this special equipment to the experiment, the
required geometries were achieved as follows. For normal
incidence the sample was situated as shown in Fig. 3.
Thus, no matter how impure the polarization of the
source, the A vector was parallel to the sample surface.
%'e estimate the polarization purity to be 88% at 20 eV.

Gal lium empty
dangling bond

Mirror pione
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+ 5.998A +
2 "~ Stage == I" Stage
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[ooi]
electron)
detector

= Gallium! indium

6 = Arsenic/Antimony/Phosphorus

FIG. 2. Schematic of the GaAs(110) surface showing the
mirror plane and the direction of the Ga empty dangling bond
which defines azimuth 4=0'.

FIG. 3. Schematic of the experimental geometry showing the
cylindrical-mirror electron-energy analyzer modified by adding
an angle-resolved drum capable of rotation about an axis C.
Also indi~ted is the modification to allow the incoming light to
enter through the cyhnder walls at an angle of 42.3 with the
main cylinder axis. The sample manipulator allowed rotations
about either axis A or 8. The electric vector of the incident
light was normal to the figure.
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For this normal-incidence geometry, the sample was then
rotated about its normal to place the major component of
the A vector along the desired azimuth. For the oblique
incidence cases, we rotated the sample normal by 90'
around the CMA axis and lined up the drum to accept
again only the normally emitted electrons. The sample
was then rotated about its own normal to orient the MP
with respect to the radiation vector. Since the radiation
was not 100% polarized, there was a significant but small
component of s polarization present in these orientations.

Lapeyre et al. have described the ways in which the
continuum of synchrotron radiation can be used to study
the emission surface, N(Ef, duo), for a given material.
Scans of photon energy at fixed analyzer kinetic energy
(constant final energy spectroscopy or CFS), and with
synchronously scanned kinetic energy (constant initial en-

ergy spectroscopy or CIS), when combined with the more
traditional scan of analyzer kinetic energy at fixed photon
energy (energy distribution curve or EDC), were all used
as needed to help locate critical points or other points of
special interest in the band structure of these compounds.
Only a few of the literally hundreds of EDC's collected in
this investigation are presented here.

versus the photon energy, on the horizontal axis of all of
the features (peaks, shoulders, etc.) in the spectra. By
referring to Fig. S we can illustrate how this is done. If
the band structure of a hypothetical material is as in Fig.
8(a), then at a photon energy fico=14 eV there will be a
direct transition at A, and this transition will be observed

V)

20.2

III. RESULTS AND ANALYSIS

A. Method of analyxini data

We show in Figs. 4—7 angle-resolved energy distribu-
tion curves for selected polarizations for InAs, InSb, InP,
and GaSb. The main problem in analyzing the data and
extracting band-structure information from the set of ex-
perimentally obtained spectra stems from the fact that
there is nothing explicit in the experimental spectra that
identifies the initial or final band or, assuming direct tran-
sitions, the value of ki involved in an observed transition.
In fact, the information that can be obtained from the ex-
perimental data independent of specific assumptions in-
clude the initial- and final-state energies [relative, say, to
the valence-band maximum (VBM)j of the transitions ob-
served as peaks in the spectra, and the value of k~~, which
is k~~

——0 in the present case of normal emission.
This amount of information is insufficient for our goal,

which is to infer as much as possible about the energy
bands (along the X line) from the experimental spectra.
Additional information and assumptions are needed, and
these are introduced in the following way. From existing
band-structure calculations we take a set of calculated
bands for comparison with the experimental data, with
the assumption that the theoretical bands are reasonably
reahstic in terms of their general shape, the ordering of
the bands and the energies of the critical points. We also
assume that the peaks observed in the experimental spec-
tra represent interband transitions with a characteristic
value of kj which is conserved.

In practice, the method of analyzing the data in the
frainework of the assumed theoretical bands amounts to
the following. For a given material and a given experi-
mental geometry we display graphically the data con-
tained in a collection of spectra as a structure plot. This
is a plot of the initial-state energy, on the vertical axis,

FIG. 4. Photoemitted angle-resolved energy distribution
curves obtained from an InAs(110) surface with light at oblique
incidence at an azimuthal angle of 0'.
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TABLE I. Theoretical structure plots for initial band 2 to final band 6 for GaAs, GaP, GaSb, InAs, InP, and InSb in the (110)
direction from I {k=0)to X(k=20). Data in this form for all pairs of initial (i) to final (f) bands is available from the Physics Aux-

iliary Publication Service (Ref. 11).

Band
1 f

GaSb
E; %co

InAs
E; fuu

InP InSb
E; Ace

2
2
2
2
2
2
2
2
2
2
2

2
2
2
2
2
2
2
2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

6
6
6

0
1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

0.4
0.5
1.1
1.7
2,5
3.2
3.7
4.3
4.9
5.3
5.7
6.0
6.2
6.4
6.6
6.7
6.8
6.8
6.9
6.9
6.9

5.0
5.1

5.7
6.3
7.2
8.1

8.8
9.7

10.6
11.4
12.3
12.9
134
13.7
13.1
12,2
11.4
10.5
9.9
9.5
9.3

0.1 5.3
0.4 5.5
0.7 5.8
1.4 6.5
2.1 7.2
2.6 7.8
3.2 8.5
3.9 9.4
4.4 10.2
4,9 11.0
5.3 11.7
5.8 12.6
6.1 13.3
6.4 13.6
6.6 13.2
6.8 12.5
6.9 11.6
7.0 10.8
7.1 10.1
7.1 9.7
7.1 9.6

0.8 5.1

1.0 5.2
1.2 5.4
1.8 5.9
2.3 6.4
2.9 7.0
3.4 7.6
4.1 8.4
4.6 9.2
5.0 9.9
5.3 10.5
5.7 11.3
5.9 11.8
6.1 12.2
6.3 11.9
6.5 11.3
6.6 10.6
6.7 10.0
6.7 9.5
6.8 9.2
6.8 9.1

0.5 5.0
0.7 5.1

1.1 5.5
1.7 6.0
2.3 6.6
3.0 7.3
3.5 7.9
4.1 8.7
4.8 9.6
5.1 10.1
5.5 10.8
5.8 11.4
6.0 12.0
6.2 12.4
6.3 12.0
6.4 11.3
6.5 10.6
6.5 10.0
6.6 9.5
6.7 9.3
6.6 9.1

0.4 4.9
0.6 5.1

1.0 5.5
1.5 5.9
2.2 6.6
2.8 7.3
3.5 8.0
4.0 8.7
4.4 9.4
4.9 10.2
5.1 10.8
5.4 11.4
5.6 12.0
5.8 1'2.4
6.0 12.0
6.1 11.2
6.2 10.5
6.2 9.7
6.2 9.2
6.2 8.8
6.2 8.7

0.3 4.3
0.7 4.7
1.3 5.2
1.8 5.7
2.7 6.5
3.4 7.3
3.8 7.7
4.3 8.4
4.7 8.9
5.1 9.6
5.4 10.1

5.7 10.8
6.0 11.4
6.3 11.8
6.4 11.5
6.5 10.8
6.5 10.2
6.6 9.7
6.7 9.3
6.7 9.0
6.6 8.9

valence bands, from the calculations of Chelikowski and
Cohen, ' and a number of conduction bands, taken from
Pandey's calculations based on the pseudopotentials of
Cohen and Bergstresser. '

We have tabulated the theoretical structure plots de-
rived from the band structure we used for all the materials
studied" and as an example show the data for band 2 to
band 6, as Table I.

8. Application to GaAs

From the theoretical bands for GaAs shown in Fig. 17
(which also contain the experimental points), we derived
the theoretical structure plots involving initial band 2
(Fig. 9), initial band 3 (Fig. 10), and initial band 4 (Fig.
11). These structure plots also contain the experimental
structure plot points appropriate to the particular initial
band. The latter determination was made by assigning the

PHOTON ENERGY (eVI

8 IO l2 l4 I6 I 8 20 22 24 26 2

experimental point to the closest structure plot line. In
some cases, because of the local density of structure plot
lines, a point lies an equal distance from two, and some-
times three lines. In such a case, when no distinction can
be made, no distinction is made, and a single experimental
point is assigned to two or more lines on the grounds of
consistence within the model being used: Such a peak
must be composite.

Consider, for example, in Fig. 9, the set of points
spread out in a line at around E; ——7 eV and grouped
around structure plot lines 8 and 9 and the extreme ends
of 11, 12, 15, and 17. It is clear that this grouping of
points must come from the lowest part of band 2, near X
on the X line, since no other states are so deep. Accord-
ingly, we are justified in assigning ki from the close-lying
structure plot lines and mapping these points back onto
the band-structure plots. The points lie among the rather
dense grouping of points following the same final bands
on the right-hand part of the band-structure diagram.
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FIG. 9. Theoretical (solid lines) and experimental (closed cir-
cles) structure plot for GraAs from initial band 2 to final bands
6—20. Odd-parity final bands are omitted.

GOAs

FIG. 10. Theoretical (solid lines) and experimental (closed
circles) structure plot for GaAs from initial band 3 to final
bands 6—20. Odd-parity final bands are omitted.
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TABL . '
r ies (data for InSb for guidance only).TABLE II. Critical point energies a a

GaP
GaAs
GaSb

2.73
2.9
2.5

X5
This work

2.9
2.8
2.4

Ref. 1

4.2
4.2
3.6

y Hllll
1

This work

4.4
4.2
3.7

Ref. 1

7.07
6.9
6.76

X3
This work

6.8
6.9
6.3

InP
InAs
InSb

2.08
2.42
2.34

2.2
2.7

(2.3)

3.3
3.4
3.4

3.7
3.5
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6.0
6.0
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axes. Some small discrepancies can still be observed, such
as the X3 level in GaP and the X5 level in InAs. The data
for GaSb and particularly InSb are insufficient to draw
conclusions as definitive as those for the other materials.
The critical-point energies determined from our analysis
are given in Table II where they are compared with the
calculations of Chelikowsky and Cohen. ' Experimental
points for GaAs, InAs, and GaP cover virtually the entire
X line for bands 2, 3, and 4 and lie, in almost all cases,
quite close to our modified theoretical valence bands. A
reasonable correspondence between theory and experiment
also occurs for the other materials.

A large share of the observed transitions end on the
portion of the free-electron parabola sloping steeply up-
wards to the left in the band diagram. Along this parabo-
la the dominant plane wave in the Fourier expansion of
the wave function points along the surface normal, to-
wards the detector. Gaps occur where this band hybri-
dizes with other even free-electron bands, whose wave vec-
tors are carried away from the detector direction. Final
states with significant (110) plane-wave amplitude exist in
these gaps, namely the states account for the experimental
points within gaps of the band structure in Figs. 15, 16,
and 17.

Since all even bands may hybridize with the (110) free-
electron band, many of the transitions we observed end on
segments of the free-electron parabola which cross the
(110) band. The hybridization or "umklapp" may be at-
tributed to surface as well as bulk potential scattering. Fi-
nal bands lowest in energy —but above the vacuum
level —are most prominent because the unklapp momenta
are smallest. As observed in materials such as Al and Be
(Refs. 12 and 13), umklapp effects are most effective near
crossovers with the dominant free-electron band.

Although the transitions observed in all materials ap-
peared to obey the selection rule' (i) that the final state
have even refle:tion parity in the mirror plane, we often
observed transitions from initial bands which violated rule
(ii) that even bands (2 and 3) are excited only when A has
a component lying in the MP, while for band 4 (odd) exci-
tation requires a component of A perpendicular to the
MP. Several effects could cause a breakdown of the sym-
metry upon which the selection rules are based. Spin-
orbit coupling hybridizes even and odd states, and would
have the largest effect on initial states with substantial s
character. The more extended final states would be less
affected by spin-orbit coupling. Our data, all of which
can be understood without using odd final bands, are con-

20

I4

I6

l2

-6
lnAs

0/ave vector k

FIG. 16. Band-structure plots in the direction for GaP and
InP. The closed circles represent the experimental results and
the solid and dashed lines are the modified theoretical band
structure for even or odd bands, respectively, obtained as
described in the text.

Nave vector k

FIG. 17. Band-structure plots in the direction for GaAs and
InAs. The closed circles represent the experimental results and
the solid and dashed lines are the modified theoretical band
structure for even or odd bands, respectively, obtained as
described in the text.
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sistent with this mechanism. Spin-orbit mixing should in-

crease from P to Sb compounds and be most prominent in

bands 2 and 3. These trends cannot be confirmed in our
data, however, reflection symmetry could also be broken

by local disorder, whether at the surface or in the bulk.
Local disorder might also have a stronger infiuence on in-

itial states. Finally, imperfect polarization of the in-

cidence light mixes initial-state symmetries while retain-

ing the selection rule requiring even final states.
In summary, we have used a technique for band map-

ping which is applicable even for cases of large densities

of energy bands such as those found in the III-V com-

pounds. The technique relies on an approximate calcula-
tion at the band structure in order to associate photoemis-
sion peaks with definite band pairs and wave vectors, but
uses the measured peak positions to fine tune the band en-

ergies. %'e have exploited polarization selection rules to
simplify the spectra and their interpretation. Our analysis

did not require the use of final-state bands having odd re-

fiection parity, however, numerous transitions appear to
involve initial states which do not transform like the di-

pole operator as required by the selection rules derived for
an ideal surface. Spin-orbit coupling, structural disorder,

or impure polarization may explain the discrepancies we
observed. Our method may be useful for band mapping
in other materials with complex final bands. A more
complete analysis of the method and its applications will

be found in Ref. 15.
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