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The electroreflectance spectra of solution-grown Ga,In,_,P alloys were measured at room

temperature in the whole range of composition.

The variation of the E(, E;, E{, and E, ener-

gies with concentration is reported: It is parabolic for E; and E, and approximately linear for
E{ and E,. Except for E; these results agree with the calculation of the band structure by the
dielectric two-band method in the virtual-crystal approximation including the effect of disorder.
The latter effect is found small. For E, the deviation from a linear variation is larger than
calculated. E, exhibits another interesting anomaly: Its spin-orbit splitting is maximum for
x=0.5. Thek- p method is used to calculate some band parameters from our data. The I’

—X conduction-band crossover energy E, and composition x, are accurately determined using
the E vs x curve and the indirect gaps obtained from optical absorption: x,=0,63 +0. 015,

E,=2.14+0.01 eV,

I. INTRODUCTION

The Ga,In;_, P semiconducting alloys form a
continuous, single-phase, solid solution through-
out the whole composition range. They have re-
ceived increased attention recently because of the
large direct band gap attainable. In these ternary
alloys, direct transitions are possible with photon
energies up to 2.15 eV, which makes it a poten-
tially efficient electroluminescent source of light
in the range of highest sensitivity of the human
eye. 13

The energy-band structures of GaP and.InP have
been calculated theoretically*’® and a large number
of experimental results have yielded band-struc-
ture parameters. However, the band structure of
Ga, In,., P is not so well known. There has been

disagreement about the value of the “crossover”
composition x, at which the energy of the I" and X
conduction-band minima becomes equal. From
measurements on diodes, Lorenz ef al.? deter-
mined x,=0.8. Measurements of the band-edge
absorption coefficient as a function of photon en-
ergy by Rodot et al.? determined x.=0. 63, This
value has been confirmed by Williams et al. 8 and
White et al.” using photoluminescence-excitation
spectra, by Hakki ef al.® using hydrostatic-pres-
sure experiments and by photoluminescence at low
temperature. ® However, assigning the cathodo
luminescence peaks at 300 °K to the band gap,
some authors'®!! give x,= 0. 74 with a parabolic-
empirical variation of the direct band gap, E,
=1,34+1,426x+0.758x(x —1). Onton and Chi-
cotka!? estimate that their low-temperature-photo-
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luminescence spectra are consistent with these re-
sults. This bowing is considerably larger than
previously reported.*”® In GaP and InP, the in-
direct gap E;= X - I'y is nearly the same, so that
the disagreement on x, is principally due to the
discrepancy on the variation of the lowest direct-
band-gap energy E,= I'§ - I'y vs composition. An
explanation was recently given!® for this discrepan-
cy, based on a reinterpretation of luminescence
spectra.

Thus, there appears to be a need for directly
measuring E; and E; with accuracy. In order to
precisely determine the electronic structure of
this system and to clarify the discrepancies out-
lined above, we have applied the modulation-spec-
troscopy technique to InP, GaP, and Ga,In,_ P
alloys since it is generally recognized that this
method represents the most accurate process
presently available for determining transitions
energies of interband critical points. !

The sharp optical structure obtained by modula-
tion methods is usually not washed out by alloying
in binary or pseudobinary solid solution. Electro-
reflectance (ER) data have been reported for some
alloys, 1*'18 particularly for the GaAs-InAs'”'!® and
GaAs-GaP!® systems. Thermoreflectance spectra
were obtained on Ga,In,_, P by Lettington et al. ,2°
but on thin epitaxial layers only. They were in-
sufficiently resolved, however, probably because
of the poor homogeneity and small thickness of the
layers.

In this paper, an accurate determination of tran-
sition energies of interband critical points is made
by performing ER experiments on high-purity and
very homogeneous material at room temperature.
Described in Sec. II are the sample growth, analy-
sis, surface preparation, and the ER apparatus us-
ing an electrolyte electrode, derived from the tech-
nique of Shaklee, Pollak, and Cardona.® It was
hoped that the high resolution inherent to the ER
method would provide an accurate determination
of the concentration dependence of the various gaps.
For obtaining interband energies E, and E; with
high accuracy, we have used in Sec. III the “three-
point fit” of Aspnes and Rowe. 22 This method does
not require optical constants or a Kramers-Kronig:
analysis and hence it is particularly suitable for
new materials. The interpretation of the structure
observed in the experimental spectra is aided in
Sec. IV by recent improvements in energy-band
calculation of alloys® and the knowledge of band
structure and optical properties of GaP and
InP.*%2% The k.p method is used to calculate some
band parameters from our data.

The band structure of Gag.g3 Ing.37 P S0 obtained
is given by Fig. 1, which shows the location of the
transitions responsible for the ER peaks of the typ-
ical spectrum illustrated by Fig. 2. E,is the fun-
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FIG. 1. Band structure of Ga,In_ P with inclusion of
the spin-orbit interaction for x=x,=0.63. The irreducible
representations corresponding to the various orbital
states are given in brackets. The double-group repre-
sentations are given without brackets. In the text» and
¢ are used to differentiate between valence and conduction
band when there is more than one state of the same sym-
metry. The zero of energy is taken at the top of valence
band.

damental-direct-optical threshold. The next higher
threshold corresponds to the E, structure. Its
exact location in % space is uncertain, #2¢ 1t ig
generally agreed that these transitions are in the
[111] direction of the Brillouin zone and that the
A§ - (Ag, AY) transitions are mainly responsible for
the E, peaks although the L§—- (Ly, L?) transitions
are almost degenerate with them. The meta-
morphism of critical points in this direction of
the Brillouin zone, recently discussed, 228 ob-
scures the exact origin of this transition.

The important results obtained here are the fol-
lowing ones (at room temperature):

(@) The E, gap (I's - I'y) was measured through
the whole composition range. A quadratic varia-
tion is obtained:

Eg=1.345+1.435x+0.50x(x - 1) .

The spin-orbit splitting 4y was also measured
through the entire concentration range. The value
of Ay for InP (0.10 eV) is nearly the same as for

GaP. A linear law fits the variation of Ay with x
very well.

(b) The E, transition was followed continuously
as a function of x. The variation is well repre-
sented by the quadratic form:

E,;=3.175+0.581x+0.860x(x —1) .

The structure E,+ A; (4, is the spin-orbit splitting
in the valence band) follows a similar law. For
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FIG. 2. Electroreflectance spectrum at room tempera-

ture of an alloy Ga,In,_,P, x=0.57,

x=0, E;+ 4, is well resolved (E;+ A;=3.19 eV).
The resolution decreases when x increases.

(c) The Ej peak of InP (4. 70 eV) varies smooth-
ly as a function of x, tending to the 4. 8-eV peak of
GaP. The peaks E, (X; - X?) and E,+ 6 (X5 — X35)
were resolved; their variation in all the composi-
tion range is small, as is that of Ej.

As expected, no structure assignable to the X|
— I'y transitions appears in the ER spectra. For
this reason, new optical-absorption measurements
were performed. These are described in Sec. V.
A new, more accurate determination of the cross-
over parameters is obtained:

x,=0.63+0.015 and E.=2,14+0.010eV.
II. EXPERIMENT
A. Sample Preparation

The growth of Ga,In,_, P is difficult for two rea-
sons. The first is the high vapor pressure of
phosphorus, the second is the high segregation co-
efficient of Ga. These two difficulties are avoided
using a solution-growth method recently de-
scribed. # An indium bath is continuously fed by
phosphorus coming from vapor and by gallium from
solid gallium phosphide. Very homogeneous crys-
tals were obtained by this method in the whole range
of compositions: Typically, on a length of 10 mm
the variation of composition Ax can be lower than
0. 08, as determined by electron microprobe. All
crystals were undoped. The carrier concentration,
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given by Hall-effect measurements, was in the
range 1x10'%-5x10' cm™. Alloys were # type for
0<x <0.6 and p type for 0.6 >x >1, lightly compen-
sated. They were polycrystalline. Samples of
about 800-u thickness, obtained from ingots, were
lapped on both sides and mechanically polished on
one side with diamond paste down to 0, 5-u grain
size. Then each specimen was analyzed by elec-
tron microprobe. For each point, the indium and
gallium concentrations were simultaneously and in-
dependently measured. The total relative change
in composition over the thickness of the sample and
the surface of the specimen is estimated to less
than 2%. Shortly before using, the specimens were
lightly etched in a mixture of concentrated HCI and
HNO; (1: 4), and washed in distilled water before
being transferred to the electrolytic cell. InP and
GaP used as references in this work were grown in
conditions similar to those of the alloys, as de-
scribed in Ref. 30.

B. Electroreflectance Measurements

In the ER experiments the optical properties of
samples are modulated by an electric field, gener-
ally created by a surface barrier.!* This perturba-
tion is synchronously detected by a lock-in ampli-
fier. The quantity directly measured is the rela-
tive variation of reflectance AR/R. A diagram of
the experimental apparatus is shown in Fig. 3.

Light from a high-pressure xenon arc (Model No.
XBO 450W) or a tungsten-filament lamp was fo-
cused on the entrance slit of a Jobin Yvon HRS-2
grating monochromator. The monochromatic light
was focused on the sample, reflected at near nor-
mal incidence, and refocused on a photomultiplier
(Model No. XP 1003 for the visible and near ultra-
violet and Model No. 150 CVP for the infrared).
The slit width gives a spectral resolution less than
10 A,

A servomechanism acting on the power-supply
voltage of the photomultiplier gives a nearly con-
stant current detected by an electrometer (Keith-
ley 602). The ac current is detected by a PAR
Model No. HRS8 lock-in amplifier. The ratio AR/R
given by a multiplier (PAR Model No. 230) is con-
nected to the Y axis of an XY chart recorder, while
the X axis is supplied by a voltage, proportional to
the wavelength A, given by a precision potentiometer
mechanically driven by the monochromator.

The modulating electric field was applied for our
measurements at the interface between the semi-
conductor and an electrolyte. The electrolyte was
a solution of KC1 in water (1:10 M). The electro-
lyte cell was biased by a dc voltage and an ac
square-wave voltage (200 Hz). The bias was ad-
justed to alloy composition and was typically about
1V dc and ac.
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III. ANALYSIS OF EXPERIMENTAL SPECTRA

A. High-Resolution Interband-Energy Determination

A recent perturbation treatment of ER® has
shown that the experimental line shape can be ap-
proximated quite well by

AR/R=R,C(E,-iw-il)" e (1)

where E; is the energy of the direct threshold and
C, 6, and I are the amplitude, phase, and broad-
ening parameters, respectively. For the funda-
mental absorption edges modified by the Coulomb
interaction, and for the three-dimensional critical
points with large mass ratio, the best value for »
is three, corresponding to a two-dimensional criti-
cal point. Using this value and the curve given by
Aspnes and Rowes, 22 the energy transition is de-
termined by the three-point fit, which is nearly in-
dependent of the physical model chosen to represent
the transition and of the general experimental con-
ditions. 3% The good agreement of the direct band
gaps Ey and E; of InP and GaP that we obtained,
with previous measurements, confirms the accura-
cy of the method.

B. Results
1. General Features of Spectra

Pure InP and GaP and 11 samples of Ga,In;_, P
alloys were measured in all the range of composi-
tions. Figure 2 shows a typical ER spectrum of a
Ga,In,., P alloy (x=0. 57).

At low energy (1.3-3 eV) there appears a very
sharp structure corresponding to the direct funda-
mental threshold E,. Some indication of impurity
effects giving a peak below E, appears on some
spectra for low ¥, as previously observed in InP 2
.and GaAs.!®®* This peak has a very different ac
and dc voltage dependance. It can be eliminated by
convenient bias and is not discussed here. With

the doping used here, no Burstein-Moss shift is

to be considered. A less sharp structure (E; tran-
sition) is seen in the range 3-4 eV. The broadening
increases regularly from x=0 to x=1 as previously
observed for GaAs,_, P,.'® These E, and E, struc-
tures are sufficiently sharp to allow an accurate
determination of the energies and their composition
variations. At higher energies (4.5-6 eV) smaller
peaks appear. They are less well resolved than
the low-energy peaks; their energy has a relative-
ly small variation with x.

2. Low-Energy Transitions: InP and GaP

On Fig. 4 we can see the lower part of the ER
spectrum of an n-type InP sample (Np,-N = 5x10'¢
cm™) at room temperature. The structure be-
tween 1. 30 and 1. 40 eV (0. 90 and 0. 95 u) corre-
sponds to the fundamental absorption edge. The
three-point method gives the value 1. 345+ 0, 002
eV. This value agrees well with previous mea-
surements. % The structure between 1. 40 and
1.50 eV (0.82 and 0. 87 u) corresponds to the spin-
orbit interaction in the valence band. This peak is
well separated from the previous one and an accu-
rate determination of A, is possible, giving A,
=100%5 meV. *

A higher-energy structure appears between 3
and 3.5 eV (0.40 and 0.35 u, Fig. 5). It corre-
sponds to the E, and E, + A, transitions. The
three-point fit gives £;=3.175+0, 008 eV and A,
=125+ 15 meV. | These determinations are less
accurate than for Ej and Ey+ Ay because of the
overlap of E; and 4, structure.

In Fig. 4 we can see the low-energy part of an
ER spectrum of undoped GaP. The smallest di-
rect absorption edge E; and its split-off compo-
nent Ey+ 4, are responsible for the structure be-
tween 0.4 and 1.5 u (2.6 and 3 eV). The values
obtained are E,=2,780+0. 006 eV and Ay=105+15
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meV. The spin-orbit splitting obtained is in good
agreement with the results of Subashiev and Abag-
yan, % of Thompson et al.,'® of Cardona etal.
and of recent measurement at 25 °K. % The value
of E, is quite accurate compared to the trans-
mission, 2.78 eV37 and 2.76 eV, % photoconductiv-
ity, 2.79 eV, 3% and reflectivity, 2.80 eV, 3 measure-
ments. As expected, no effect due to the indirect
edge at 2. 25 eV is seen. A structure at higher
energy is assignable to E, and E;+ A;. The values
are E,=3.760+0.010 and E;+ A;=3.86+0. 03 eV,
These peaks correspond to the structure observed
in the reflexion spectrum at 3.7 eV, 24394 The
splitting 4, is not well resolved, due probably to
the fact that it becomes comparable with the line-
width, These results about E,, E;, 4, and A
agree with previous ER measurements. %2

3. Low-Energy Transitions: Ga /In, P,

The spectra of alloys are quite similar to those
of InP and GaP. Figures 4 and 5 show the ER
spectra for the low-energy E, and E, transitions,
respectively. The E,, the split-off Eg+ 4y, and
the E, peaks are clearly resolved for all x values.
The spin-orbit splitting 4, is less resolved when
x goes up to 1,

Figure 6 shows the variation of the direct ener-
gy gap and its split-off component Eg+ Ay as a
function of x. Using the method described later
for E,, the best fit is obtained by a parabolic vari-
ation Eg=1,345+1.435x+0.50x(x —1). A similar
law describes the variation of Ey+ Ay as shown on
Fig. 6, where the solid line corresponds to a con-
stant value of Ay:0.1 eV. However, a best fit is
obtained with a linear variation of Ay with x: 4
=0.11-0.02x (dashed curve).

The E, and E,+ 4, structures of InP are contin-

uously observed in the whole range of composi-

tions up to GaP. The variation is not linear. As-
suming a quadratic variation?
E=a+bx+cx(x-1), 2)

we determine the bowing parameter c.

In Fig. 7 the deviation from linearity of the
transition energies E,, determined by the three-
point method, is plotted as a function of x (1 - x).
The expected quadratic deviation appears as a
straight line, determiningc=0.86+0.06 eV, It
is seen that the determination of ¢ is relatively
accurate. The resulting equation for E(x) is
E,;=3.18+0.58x+0.86x(x -1) and is plotted on
Fig. 8 together with experimental points.

For x >0. 2 due to the overlap of structure, it is
difficult to apply the three-point-fit method to the
determination of A;, particularly for x >0. 7 where
the E, + A, structure is weak. The difficulty is the
same for the GaS-GaP system.!® But, generally,
one peak only is then assignable to E{+ A, and we
use the energy of this peak to determine 4,. The
variation of 4, with x is continuous but not linear,
as seen on Fig. 8. We observe a maximum for
x=0.5; the departure from linearity is large: 0.07
eV; and the paraboliclaw, A;=0.13-0.03x+0.28x
X (1 - x), canfit the data. Thisissurprising sincea
linear variation is expected, as for A,. However,
a similar variation was also observed in some
other systems!®''®1® with a smaller departure from
linearity. Table I summarizes the obtained re-
sults.

-4, High-Energy Structures

For InP, peaks at 4.7, 5, and 5.6 eV appear.
For GaP the corresponding peaks are at 4.8, 5. 3,
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FIG. 5. ER spectra showing E; and E, +A, transitions
for Ga,In,_,P at room temperature. Spectra are shifted
in order to take as a reference (E; line) the wavelength
corresponding to the E transition, as determined by the
three-point-fit method. With this representation the line
broadenings can be directly compared, Particularly, no
important broadening appears from x=0 to x=0.05, The
increasing of spin-orbit splitting A; with x, up to 0.5 is
also visible.

and 5.7 eV. (The estimated error is +0.04 eV.)
They correspond to previously reported peaks at-
tributed to the Eg, E,, and E,+ d transitions, re-
spectively. ?4'*? Within experimental uncertainties
the concentration dependence is linear. For in-
stance the spectrum of Fig. 2 gives for x=0.57:
Eq=4.178, Eg+ Ay (?)=5.04, E,=5.20, E,+ 6=5.65
eV. By comparison with GaP, InP,?* and

GaAs,_, P, it is reasonable to assume that the
main contribution to Ej comes from a region of 2
space in the [100] direction near k= 0. However,
the energy of E{ represents the value of the I'{ — I'Y
gap since the corresponding conduction and va-
lence bands are almost parallel in this direction
near k=0. E, and E,+ § are attributed to X§

— X223 and X3 - X? transitions. 24

IV. DISCUSSION

A. Line Broadening

As seen in Figs. 4 and 5 giving AR/R vs A, there

is no significant change of structural shape with
composition of the fundamental edge as in the case

o

3 T T T T ]

Energy (ev)

FIG. 6. Variation of direct thresholds E; and E +4
with x in Ga,In; P at room temperature. A parabolic law
Ey=a+bx+cx(x —1) fits the data. The solid line corre-
sponds to the experimental value ¢ =0.50 eV. The dotted
line corresponds to the intrinsic bowing c¢;=0.37 eV cal-
culated in the virtual-crystal approximation. A similar
law describes the variation of Ej+4,. The solid line cor-
responds to a constant value of the spin-orbit splitting 0.1
eV. A best fit is obtained with a linear variation, 4,
=0.11-0.02x, by the dashed curve.

of E;. This fact seems to eliminate a systematic
change in the surface-barrier structure with com-
position, The structural shape in the alloys is very
similar to that of the constituent compounds and no
important broadening appears, indicating that there
is a good macroscopic homogeneity, that the micro-
scopic disorder is not a significant source of line-
shape distortion, and that there is no impurity ef-

’

AE (eV)

-02 x> 0,5 ° by

d

x(1-x) —

FIG. 7. Departure from linearity AE for the E,
transitions.
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fect. The broadening is approximately proportional
to the energy, which is quite natural.

For the substitutional alloy considered here, the
random arrangement of Ga and In on III-atom sites
could cause a tailing in the density of states inside
the forbidden region at the band edge, as found in
second- and higher-order perturbation calcula-
tions. ¥*'* This would apparently imply that the
broadening changes quickly in alloys close to the
pure compounds. We have especially studied the
alloy with x=0.05. No important change is visible
for the E{ spectrum and for the E; spectrum. Fig-
ure 5 shows a small increase of broadening of about
10% only. This is consistent with previous results
on the GaAs-InAs '® and GaSb-InSb !® systems.

B. Application of the Dielectric Theory to Ga In P Alloys

As shown by the virtual-crystal model, ** taking
account of #*** the periodic part of the potential, and
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by the perturbation calculations accounting for the
effects of random fluctuations in the potential, a
one-electron band structure is a good description
of the electronic structure of alloys, as for the
constituents. Van Vechten and Bergstresser have
found that the dielectric method gives good agree-
ment with experiment, but that the local-pseudo-
potential method apparently does not yield satisfac-
tory results for the calculation of the band struc-
ture of alloys. They predicted a nonlinear depen-
dence of the interband gaps on concentration. In
Ga,In,_, P alloys our ER measurements show, in
agreement with the thermoreflectance data, 2° an
approximately quadratic dependence, as in many
semiconducting systems!®'" and as predicted by
the theory. ®

We have applied this dielectric method to
Ga,In;_,P. The Vegard’s law is obeyed in this sys-
tem, within experimental uncertainties. 1°'* We
have adjusted the parameters of the theory, in par-
ticular the average valence-band to d-band f sum
D,,**" characterizing nonlocal effects, so as to
agree with experiment for E; and E; in InP and
GaP. These values are given in Table II. The
corresponding calculated values of the bowing pa-
rameter ¢ [Eq. (2)] are compared with experiment
in Table III. The intrinsic bowing c; is found in the
virtual-crystal approximation. The extrinsic bow-
ing c,= 0. 31, due to the effect of aperiodicity, was
calculated in Ref. 23 for the E, lowest direct gap
and for the higher-vertical-point direct gaps E,
and E,, connecting the same two bands. For Ej
and E,+ 0, c,was estimated zero by comparison
with GaAs,_,P,.* % The total calculated bowing
is assumed to be ¢;+c,.

It is interesting to remark that all calculated
bowing parameters are larger than experimental
values except for E;. This fact is to be compared
with the anomalous variation of A; with x and will
be discussed later. It seems that the disorder ef-
fect is smaller than predicted, as previously men-

TABLE I. T'{-TY; and A{— A{ data for Ga,In, P alloys (energies in eV).
E, E,+4 El E +4

0 1.345 +0, 002 1.446 £0.004 3.175+0. 008 3.30+0.008
0.05 1.400+0. 002 1.500+0, 005 3.175+0,01 3.31+0.01
0.21 1.585+0,003 1.698 +0, 097 3.159+0,01 3.33+0.02
0.23 1.589 +0,003 1.702 +0. 010 3.154+0,01 3.33+0.02
0.30 1.671+0.003 1.800+0.010 3.154+0.01 3.34+0.03
0.46 1.872 +0.003 1.974 £0. 007 3.220+0.01 3.42+0.02
0.525 1.976 +0. 004 2.092 +£0,008 3.279+0,015 3.47+0,02
0.57 2.042 +£0. 004 2.145+0,008 3.306+0.015 3.52+0,02
0.615 2,090 +0, 003 2.205 0,007 3.314 +0. 010 3.52+0.03
0.76 2.326 +0, 004 2.436 +0.009

0.80 2.365 +0. 005 2.466 +0, 010 3.482+0.015 3.64+0,04
0.885 2,525 +0.005 2.628+0,010 3.589+0,010 3.76 +0.04
1 2.777+£0.006 2.885 +0.010 3.756 £0.010 3.86+0.02
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TABLE II. Values of the lattice parameter d, the non-
local parameter D,, and the antisymmetric potential C
used for the dielectric-method calculation. Comparison
of calculated and experimental values for InP and GaP.

Eg(eV) EgeV) E(eV) E(eV)
Crystal d&)  Cclev) D,, calc expt cale expt
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TABLE III. Comparison between experimental and cal-
culated values of bowing parameters c(eV) at 300°K for
direct transitions, at 300°K, in Ga,In, .P. c¢; is the in-
trinsic bowing, given in the “virtual-crystal” approxi-
mation; c, is the extrinsic bowing taking account of the

.disorder effect in the Van Vechten—Bergstresser model.

GaP 4.460 3.30 1.155 2.72 2.78 3.82 3.76
InP 4.802 3.34 1.273 1.36 1.345 3.165 3.175

tioned in the discussion on broadening. This is
especially surprising since the large mismatch of
lattice constants should facilitate clustering and
microinhomogeneities. The good quality and ho-
mogeneity of the sample are confirmed.

C. Spin-Orbit Splittings A, and A,

We follow the well-known “time sharing” prin-
ciple which was applied by Kane®® for estimating
spin-orbit splittings in crystals from a knowledge
of these splittings in the constituent free atoms.
The spin-orbit splitting A, of. the valence band at
T'y5 is given by

_( 3% w3V, 8V (9
Ao—(W) <1"15 axP”"ay P, (T5 ). (3)

V is the self-consistant crystal potential, p the
linear-momentum operator. |I'(¢)) are the wave
functions, which define the I'j5 representation
(without splitting). It is expected that most of the
contribution to the matrix element in Eq. (3) is
given by the wave functions near the cores and
hence that 4, is given by a contribution from the
group-IIT atoms and by another one from the group-
V atoms. The core potential and wave function
near the core are thought not to be drastically af-
fected by the neighboring atoms. Generalizing for
ternary III-V alloys, the Braunstein-Kane approx-
imation®® is written

Ag=[x8 6y Agat (1 = x)Ep, A+ £p Ap]C . (4)

The normalization constant C was found to be 29/20
for III-V compounds.

A; is the one-electron spin-orbit splitting of ion
i. The coefficients £ are related to the ionicity of
the compounds and indicate the relative fraction
of each constituent atom which enters in 4,. For
all group-III atoms the value 0. 35 was suggested. *°
Equation (4) predicts a linear variation of Ay with
x as observed within experimental uncertainties.

The spin-orbit splitting A, at A; is given by an
equation similar to Eq. (3), °*"*! where the wave
functions [A3(¢)) which define the representation
are used. A factor % is to be used, due to the fact
that T is a triply-degenerate orbital state and A is
a doubly degenerate orbital state. %

Using the same discussion as for 4, and the
fact that the matrix element is roughly the same as
for Ay and is also independent of the position of A

c; Ce c(cale) c(expt)
E, 0.37 0.31 0.68 0.50+0,05
E, 0.27 0.31 0.58 0.86 +0. 06
E, 0.10 0.31 0.41 +0.15
E,+6 0.13 0.00 0.13 +0.15
E; 0. 16 0.00 0.16 +0.15

along the [111] direction, **2 a linear variation with
x is also expected for A,;. As seen in Sec. III the
curve plotted through the points in Fig. 8(b) is only
an estimated one because of the great uncertainties
on A, values. However, the precision is sufficient
to conclude that the 2 spin-orbit-splitting rule is
not obeyed for GaP-InP (as previously remarked
for GaP and InP'°®* and that the departure from
linearity is large. It was suggested'®% that this
variation is due to a sliding in % space of the A
critical point. Thompson et al.'® suggested that
the large value of A; may be due to an increasing
cationic proportion &;;; of the valence-band wave
functions as one moves away from 2=0 in the L di-
rection, Then Eq. (3) gives a higher value of the
splitting. With £;;;=0.5 and with Ap=0.046, A,
=0.27, Ag,=0.12 eV, * we obtain A;=0.15 and
0.08 eV for InP and GaP, respectively, which
agrees with our data within estimated errors: A,
(InP)=0.12, A,(GaP)=0.10eV. It is obvious that
a convenient sliding along the L direction can ex-
plain the departure from linearity of A,(x). If we
assume for &g, in the range x>0.5, the value
which gives the best fit for GaP, Eq. (4) gives 4,
=155 meV for x=0.5. It can be objected that the
present estimation is very rough, but refined cal-
culations, such as the relativistic orthogonalized

(L L

0 X — 1
a b

FIG. 9. Calculated variation of effective masses (in

units of free-electron mass m) for holes (a) and electrons

®).



o

T T
VX 3000k R l
=
22 o .- .
.00~

- —+~ This work -

-=O--HAKKI etal ( 8)

® LETTINGTON etal (20)

2 | { t

05 1

X —>

FIG. 10. Determination of the crossover values (at
300°K) using E, and the values of indirect band gap E;
given by optical absorption. The values of electrotrans-
mission (Ref. 20) are also given for comparison.

plane-wave model, do not give best fits.** The
large departure from linearity of A,(x) seems to be
due to the small anionic contribution because of
the particularly small value of Ap. It can be as-
sumed then that this departure is larger for GaP-
InP than for GaAs-InAs and for the latter than for
GaSb-InSb. The comparison of our data with the
data for these two systems'®!® confirms this as-
sumption.

D. Band Parameters

The effective mass at the I';5 conduction-band
point can be calculated, using the k. p method*® as
described by Cardona, *° taking account of the inter-
acting states I'y5,, I'y5y, and the spin-orbit split-
ting of the I';5y. We use our experimental data for
E,, A, and E|. The same method can be used to
estimate the transverse effective masses at L,
and Ly, using our data for E,, A;, and the con-
stant value 7 eV for Ef.* The transverse effective
mass at X, can also be estimated from the E, gap
determined experimentally: from m;' (X;.)=1+19/
E,.5

The results of these calculations are plotted on
Fig. 9(b). The effective masses of holes are also
determined [Fig. 9(a)], using the parameters A,
B, C? of Dresselhauss et al. 5058 m¥y, mi,, and
the split-off band mass m ¥,. In Fig. 9 InP is taken
as reference. We have, in units of free-electron
mass: m*(I';;)=0.074 (experimental values:
0.073,% 0. 077 %),m¥ (L) =0.15, m¥(X,)=0.21,
m¥=0.43, m¥%=0.12, m#-=0.078.%
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V. INDIRECT BAND GAP

The accuracy of our measurements should allow
the determination of the exact crossover parameters
since their value depends more upondirect band gaps
than indirect ones, as previously indicated. In-
direct transitions were not seen in ER spectra.
This was expected because of the smooth variation
of E; with 2y near E,. Absorption measurements
allow us to obtain these values. Using this tech-
nique H. Rodot et al.® have determined the band
structure of these alloys. We have performed
some measurements to state more precisely the in-
direct band-gap values E;.

Samples were lapped so that the condition ad ~1
was always respected (d =thickness, & =absorption
coefficient). The gap was given by extrapolation
of straight lines obtained from the well-known ex-
pression a'/%« (7w - Eg) for allowed indirect tran-
sitions with the constant value R=0. 27 for reflec-
tivity. The band gap of GaP was found to be 2. 24
eV. Results are plotted on Fig. 10. We have re-
ported also the value of Hakki et al.® By observing
the displacement of absorption edge in the alloys
from that of GaP and assuming a band-gap energy
of 2.26 eV for the latter, these authors obtain
somewhat higher values than ours; however, the
variation dE,/dx is the same. From thermotrans-
mission measurements, inaccurate values of in-
direct band gap were given by Lettington et al. %
Inaccuracy, cert'ainly, came from inhomogeneity
in composition along the depth. Comparing with
our previous photoluminescence results, 910 we
see that the variation of indirect gaps with compo-
sition at 300 °K is larger than that at 4 °’K. At 300
°K the slope dE,;/dx is 3.2 meV/at. % whereas at
4 °K itis 0.4 meV /at.%. The intersection of the indi-
rect-gap line with our Ey(x) curve gives x.= 0. 63
+0.015 and E;,=2.14+0.01 eV at 300 °K, confirm-
ing the values given in Refs. 3 and 8. These val-
ues well agree with recent results obtained by
Bachrach and Hakki® from absorption and photo-
luminescence measurements. We think, however,
that our values are more accurate.

Using these determinations of E;, the band pa-
rameters calculated in Sec. IV and our ER data
and taking as rgference the band structure calcu-
lated by the k.p method for GaP and InP, ¢ we can
know the detailed band structure of Ga,In,_, P al-
loys. The band structure of the particular alloy
corresponding to the I' - X crossover is given by
Fig. 1.
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